












































































































































































































[white])	and	stroke	survivors	on	the	non-paretic	 (NP:	blue)	and	paretic	sides	 (P:	 red),	
with	regard	to:	A)	peak	KAM,	and	B)	KAM	impulse.	*Significant	difference	(P<0.05).	..	81	
Figure	4-2:	Observed	knee	joint	moments	in	healthy	controls,	compared	to	those	of	stroke	
survivors	walking	 at	 SS	 speeds.	Observed	means	 are	 represented	by	boxes,	 and	95%	
confidence	 intervals	 by	 whiskers	 for	 the	 healthy	 participants	 (walking	 at	 SS	 [black]	













and	healthy	 controls	 (n=18),	walking	 at	 two	different	 speeds:	 SS	 (black)	 and	 0.8	m/s	
(white).	Error	bars	indicate	95%	confidence	intervals,	illustrated	by	whiskers.	............	85	
Figure	4-5:	Observed	mean	knee	joint	moments	and	95%	confidence	intervals,	indicated	by	
whiskers	 for	 temporal	 sub-groups	 of	 stroke	 survivors	 (asymmetrical	 and	 symmetrical	







groups).	 The	 stroke	 survivors’	 individual	 means	 are	 represented	 by	 scatter	 plots	
(numbered)	for	the	paretic	and	non-paretic	sides,	with	regard	to:	A)	peak	KAM,	and	B)	




among	 the	 stroke	 survivors	 (n=17),	 the	 sub-groups	of	 stroke	 survivors	with	 temporal	
asymmetry	(asymmetrical	group:	n=10,	symmetrical	group:	n=7),	sub-groups	of	stroke	
survivors	with	spatial	asymmetry	(asymmetrical	group:	n=6,	symmetrical	group:	n=11),	
and	 healthy	 controls:	 n=18),	walking	 at	 two	different	 speeds:	 SS	 (black)	 and	 0.8	m/s	
(white).	Error	bars	indicate	95%	confidence	intervals,	illustrated	by	whiskers.	............	92	
Figure	 4-8:	Mean	 peak	 KFM	 and	 95%	 confidence	 intervals,	 indicated	 by	 whiskers	 for	 the	















length	 symmetry/asymmetry	 by	 stepping	 onto	 footprint	 targets;	 C)	 Temporal,	 (i)	




symmetry	 –	 individual	means	 for	 each	 stroke	 survivor	 are	 represented	 by	 individual	
circles	 for	 the	paretic	 ([P],	purple	and	green)	and	non-paretic	 ([NP],	yellow	and	blue)	




size	 (ES)	 of	 KAM	 and	 KAM	 impulse	 of	 stroke	 survivors’	 (Baseline	 and	 after	 imposing	
temporal	symmetry)	paretic	and	non-paretic	sides.	....................................................	122	
Figure	5-5:	Mean	knee	joint	moments	(peak	KAM	and	KAM	impulse)	for	stroke	survivors	(red	
diamonds)	 and	 95%	 confidence	 intervals	 by	whiskers	 at	 baseline	 and	 after	 imposing	
spatial	 symmetry.	 Individual	 means	 for	 each	 stroke	 survivor	 are	 represented	 by	
individual	circles	 for	the	paretic	side	(P)	 (purple	and	green)	and	non-paretic	side	(NP)	
(yellow	 and	 blue)	 for	 A)	 Peak	 KAM	 and	 B)	 KAM	 Impulse.	 Horizontal	 dashed	 lines	
represent	 the	 observed	 upper	 and	 lower	 95%	 confidence	 intervals	 limits	 of	 healthy	
control	 participants	 (n=18)	walking	 at	 SS	 (red)	 and	 0.8	m/s	 (black)	 speeds.	 The	 table	
presents	the	observed	overall	mean	(SD)	and	effect	size	(ES)	of	KAM	and	KAM	impulse	




and	 spatial	 symmetry	 (panel	 B).	 Individual	 means	 for	 each	 stroke	 survivor	 are	









asymmetry	–	 individual	means	 for	each	stroke	 survivor	are	 represented	by	 individual	
circles	 for	 the	paretic	 ([P],	purple	and	green)	and	non-paretic	 ([NP],	yellow	and	blue)	
sides,	 for	 A)	 Peak	 KAM,	 and	 B)	 KAM	 impulse.	 Horizontal	 dashed	 lines	 represent	 the	
observed	upper	and	lower	limits	of	the	95%	CI	of	the	healthy	controls	(n=10),	walking	at	
SS	speeds	(red)	and	0.8	m/s	(black).	The	table	presents	the	observed	overall	mean	(SD)	




spatial	 asymmetry	 –	 individual	 means	 for	 each	 stroke	 survivor	 are	 represented	 by	
individual	circles	for	the	paretic	([P],	purple	and	green)	and	non-paretic	([NP],	yellow	and	
blue)	sides,	for	A)	Peak	KAM,	and	B)	KAM	impulse.	Horizontal	dashed	lines	represent	the	






and	 spatial	 asymmetry	 (panel	 B).	 Individual	 means	 for	 each	 stroke	 survivor	 are	
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Table	 4-6:	 Mean	 (SD)	 of	 peak	 KAM	 and	 KAM	 impulse	 in	 temporal	 sub-groups	 of	 stroke	


















both	 limbs)	 are	 provided	 for	 SS	 and	 0.8	 m/s	 walking	 speeds	 amongst	 the	 healthy	
controls.	Swing	time	and	step	length	symmetry	ratios	are	calculated	as	the	ratio	between	






















































3D		 	 	 Three-Dimensional	
ANCOVA	 	 Analysis	of	Covariance	 	
ANOVA	 	 Analysis	of	Variance	 	
ASIS	 	 	 Anterior	Superior	Iliac	Spine	
Asym	 	 	 Asymmetry	
BASIC		 	 	 Brain	and	Spinal	Cord	Injury	Centre	
BBS		 	 	 Berg	Balance	Scale		
BMI		 	 	 Body	Mass	Index		
BMD	 Bone	Mass	Density	
CAST		 	 	 Calibrated	Anatomical	System	Technique		
CI		 	 	 Confidence	Interval 	
CMC		 	 	 Correlation	of	Multiple	Coefficient		
CoM		 	 	 Centre	of	Mass	
DOF		 	 	 Degrees-Of-Freedom		
EMG		 	 	 Electromyography		
ECM		 	 	 Extracellular	Matrix		
GRF	 	 	 Ground	Reaction	Force		
Hz	 	 	 Hertz	
ICC	 	 	 Intra-class	Correlation	Coefficient 	
KAM	 	 	 Knee	Adduction	Moment	
KFM	 	 	 Knee	Flexion	Moment	
KFMC	 	 	 King	Fahad	Medical	City		
kg	 	 	 Kilogram 	
KL		 	 	 Kellgren	and	Lawrence		
KOOS		 	 	 Knee	Osteoarthritis	Outcome	Score	
m		 	 	 Meter 	
MRI	 	 	 Magnetic	resonance	imaging	
Nm		 	 	 Newton	meter 	
NP		 	 	 Non-Paretic	
OA	 	 	 Osteoarthritis	
	 xiii	
P	 	 	 Paretic	
RoM		 	 	 Range	of	Motion		
s		 	 	 second 	
SD		 	 	 Standard	Deviation 	
SEM	 	 	 Standard	Error	of	Measurement		
Spat	 	 	 Spatial	
SPSS	 	 	 Statistical	Package	for	the	Social	Sciences		
SS		 	 	 Self-Selected	
Sym	 	 	 Symmetry	
Temp	 	 	 Temporal	
THR	 	 	 Total	Hip	Replacement	
TUG	 	 	 Time	Up	and	Go 	
vGRF	 	 	 vertical	Ground-Reaction	Force 	




Background:	 Gait	 impairments,	 including	 asymmetry	 of	 walking,	 are	 common	 following	 a	
stroke	 and	 unfortunately	 persist	 despite	 rehabilitation	 efforts.	 The	 asymmetry	 of	walking,	
alongside	other	 factors	such	as	obesity	are	heightened	risk	 factors	 for	 the	development	of	
osteoarthritis.	It	is	postulated	that	the	risk	of	developing	OA	in	the	years	following	a	stroke	is	
increased.	However,	 there	 is	a	dearth	of	 information	available	 in	 terms	of	 the	typical	knee	
loading	 profiles,	 which	 have	 been	 demonstrated	 as	 biomechanical	 impairments	 in	 knee	






temporal	 gait	 asymmetry	 and	 excessive	 muscle	 activity),	 in	 the	 context	 of	 biological	
susceptibility,	 could	 contribute	 to	 secondary	 musculoskeletal	 complications,	 due	 to	 the	
cumulative	effects	of	excessive	and	repetitive	loading	in	long-term	stroke.	Nevertheless,	it	is	




Objectives:	 This	 research	 aims	 to	 characterise	 knee	 joint	moments	 in	 a	 cohort	 of	 stroke	
survivors,	compared	to	healthy,	speed-matched	participants.	The	secondary	aim	is	to	explore	
the	 immediate	 effect	 of	 imposing	 a	 symmetric	 gait	 pattern	 (based	 on	 spatiotemporal	
symmetry)	on	knee	joint	moments	in	stroke	survivors	and	an	asymmetric	gait	pattern	on	a	




Methods:	Kinematic	 and	 kinetic	 data	were	 obtained	with	 Three-dimensional	 (3D)	motion	
analysis	from	17	community-dwelling	stroke	survivors	and	18	healthy	older	adults,	walking	
over	 a	 six-metre	 walkway	 with	 embedded	 force	 plates,	 at	 their	 own,	 self-selected	 pace	
	 xv	
(healthy	 older	 adults	 also	 walked	 at	 a	 slow	 pace,	 matched	 with	 the	 mean	 Self-selected	
Walking	Speed	(SSWS)	of	 the	stroke	survivors).	 In	 the	second	study,	 the	participants	were	
asked	to	walk	to	temporal	(metronome)	and	spatial	targets	(stepping	targets	on	the	floor),	
which	 either	 imposed	 asymmetry	 (for	 participants	 who	 were	 symmetrical	 in	 their	 usual	











on	 both	 the	 paretic	 and	 non-paretic	 sides	 in	 stroke	 survivors’	 subgroups	with	 less	 severe	
temporal	(n=7)	(mean=0.64[0.39]	Nm/Kg	for	paretic	and	mean=0.58[0.30]	Nm/Kg	for	Non-
paretic	 side)	and	spatial	 (n=11)	 (mean=0.53[0.37]	Nm/Kg	 for	paretic	and	mean=0.57[0.29]	
Nm/Kg	 for	Non-paretic	side)	asymmetries	were	higher	 than	 in	 the	healthy	controls	 (n=18)	
(mean=0.28	Nm/Kg,	95%	CI=	0.16-0.40	Nm/kg),	walking	at	comparable	speed.	
	
Study	 2:	 The	 imposition	 of	 temporal	 and	 spatial	 symmetries	 on	 the	 stroke	 survivors	with	











speed	 following	 a	 stroke	 provide	 the	 side	 effect	 of	 lowering	 knee	 joint	 moments	 during	
walking	compared	to	healthy	individuals.	In	contrast,	other	compensatory	mechanisms	(e.g.	
knee	range	of	motion	[RoM])	may	 increase	the	knee	 joint	 load	(KFM)	and	then	the	risk	of	
patellofemoral	pain/OA.	Furthermore,	no	changes	were	observed	in	knee	joint	moment/load	
(KAM	 and	 KFM)	 across	 stroke	 survivors	 after	 imposing	 spatiotemporal	 symmetry.	 The	






moments	 appear	 to	 be	 heavily	 influenced	 by	 compensatory	 gait	 patterns.	 Such	
compensation,	as	well	as	 the	additional	neuromuscular	 impairments,	may	produce	a	side-
effect	of	 lower	 frontal	plane	moment	 (KAM)	and	 increase	 the	risk	of	knee	OA,	due	to	 the	
increased	sagittal	plane	moment	(KFM).	Left	unchanged,	heightened	KFM	increases	the	risk	
of	knee	joint	pain	and	OA.	Knee	joint	moments	did	not	manifest	in	notable	changes	as	part	of	
imposing	 symmetry	 on	 the	 stroke	 survivors.	 Furthermore,	 it	 is	 surprising	 that	 the	 stroke	
survivors	 with	 less	 spatiotemporal	 asymmetry	 displayed	 higher	 KFM	 than	 the	 healthy	
controls.	These	changes	with	time	indicate	the	importance	of	considering	how	joint	moments	
(as	mechanical	stimuli)	change	throughout	the	post-stroke	lifespan,	especially	in	light	of	the	
biological	 changes	 that	 usually	 accompany	 aging	 and	 increased	 Body	 Mass	 Index	 (BMI).	
However,	future	longitudinal	work	is	necessary	to	investigate	knee	joint	load	from	the	very	





For	every	100	stroke	survivors,	around	75%	present	with	mild	 to	severe	 impairments	 that	










causes	 of	 persistent	 impairment,	 falls,	 and	 disability.	 Rehabilitation	 after	 stroke	 typically	
focuses	on	walking	endurance	and	speed;	as	reflected	in	the	prevalence	of	these	as	primary	
outcomes	of	clinical	trials	(Langhorne	et	al.,	2009).	However,	achieving	independent	walking	
















a	 biomechanical	 (spatiotemporal	 symmetry,	 kinematics	 and	 kinetics)	 and	 biological	
(increasing	 age	 and	 BMI)	 nature,	 which	 may	 in	 turn	 cause	 their	 knee	 joints	 to	 be	 less	
adaptable	 to	excessive/repetitive	 loading,	 resulting	 in	knee	OA.	However,	despite	possible	
interaction	between	the	biomechanical	effects	of	hemiplegia	and	biological	changes,	very	few	
studies	 have	 investigated	 the	 development	 of	 OA	 as	 comorbid	 in	 a	 stroke	 population,	
although	they	share	the	same	risk	factors.		
Recent	surveys	have	indicated	the	prevalence	of	comorbid	joint	arthritis	and	stroke,	with	53%	
of	 stroke	 survivors	 presenting	with	 arthritis	 of	 the	 joints,	 compared	 to	 43%	of	 individuals	
without	stroke	(Patterson	and	Sibley,	2016).	Whilst	it	is	not	known	whether	OA	precedes	or	
follows	stroke,	it	has	been	hypothesised	(Norvell	et	al.,	2005;	K.	K.	Patterson	et	al.,	2008)	that	
gait	 asymmetry,	 which	 is	 characteristic	 of	 stroke,	 is	 associated	 with	 increased	 risk	 of	
musculoskeletal	injury.	Studies	have	reported	increased	pain	(Hettiarachchi	et	al.,	2011)	and	
reduced	 femoral	 cartilage	 thickness	 on	 the	 paretic	 side	 in	 stroke	 survivors,	 compared	 to	
healthy	 individuals	(Tunc	et	al.,	2012).	This	suggests	that	following	stroke,	tissues	may	not	








(KFM))	 are	 used	 as	 surrogate	 loading	 measures,	 with	 established	 associations	 between	
increased	KAM	and	KFM,	and	heightened	risk	of	developing	OA	(Chehab	et	al.,	2014;	Thorp	
et	al.,	2006).	However,	factors	such	as	walking	speed	play	an	important	role	in	altering	knee	


















Despite	 the	 plethora	 of	 possible	 stroke-related	 biomechanical	 contributors	 to	 the	
development	 of	 knee	 OA,	 very	 few	 studies	 have	 investigated	 whether	 gait	 impairments	
following	stroke	(biomechanical	asymmetries)	alter	joint	moments	(KAM	and	KFM),	in	a	way	
that	 may	 be	 acknowledged	 as	 indicative	 of	 the	 risk	 of	 joint	 degeneration,	 or	 how	 these	
moments	 change	 (if	 applicable)	 in	 the	 course	 of	 long-term	 recovery.	 A	 preliminary	 study	





impairments	 following	stroke	alter	 joint	moments	 in	 such	a	way	as	 to	 increase	 the	 risk	of	
developing	comorbid	knee	joint	OA.	Thus,	whilst	a	great	deal	is	known	about	spatiotemporal	
asymmetries	 following	 stroke,	 relatively	 little	 is	 known	 about	 kinetic	 asymmetries,	
particularly	those	relating	to	KAM	and	KFM,	which	may	indicate	a	biomechanical	mechanism	
for	 the	 development	 of	 comorbid	 OA.	 Therefore,	 studies	 that	 characterise	 knee	 joint	
moments	 (reflecting	 loading)	 over	 longer-term	 stroke	 recovery	 are	 lacking.	 Clinically,	 a	
definitive	 understanding	 of	 the	 presence	of	 loading	 patterns,	which	 are	 known	 to	 be	 risk	
factors	of	the	development	of	knee	OA	following	stroke,	is	important,	because	this	could	help	
	 4	
clinicians	 prioritise	 gait	 rehabilitation	 goals	 and	 thus,	 limit	 the	 potential	 risk	 of	 joint	
degeneration,	while	at	the	same	time	promoting	physical	activity.	
In	 light	of	 the	above,	a	better	understanding	of	 joint	 loading	 in	 the	years	 following	stroke	
and/or	after	improving	gait	symmetry	could	help	prioritise	rehabilitation	goals,	as	a	means	of	
limiting	potential	knee	joint	degeneration	in	the	long	term.	In	addition,	it	could	assist	with	
early	 diagnosis,	 prevention,	 and	 the	provision	of	 proper	 interventions	 for	 such	morbidity;	
thereby	avoiding	any	further	complications	and	enhancing	the	speed	of	recovery.	Therefore,	
this	 thesis	 sets	 out	 to	 explore	 the	 impact	 of	 lower	 limb	 asymmetry	 on	 knee	 joint	




















investigators’	 marker	 placements	 on	 the	 lower	 limbs	 and	 various	 planes	 was	 evaluated,	
according	to	the	gait	measures.		
	 5	
Chapter	 4	 addresses	 the	 question:	 ‘Does	 knee	 joint	 loading	 in	 long-term	 stroke	 recovery	













pathophysiology	 of	 knee	 joint	 OA	 and	 its	 risk	 factors,	 and	 the	 potential	 risk	 of	 OA	 in	
individuals,	post-stroke,	as	a	consequence	of	gait	asymmetry.	This	chapter	begins	with	the	




survivors.	 The	 section	 then	 explores	 the	 pathophysiological	 mechanism	 of	
initiation/progression	 of	 knee	 joint	 OA	 and	 the	 risk	 factors	 involved.	 Following	 this,	 the	
measurement	of	knee	joint	 load	and	the	factors	 influencing	knee	joint	moment	(KFM)	and	
KAM	are	presented.	The	chapter	then	ends	by	exploring	joint	moments	in	gait,	where	there	
























and	 falls	 (50%	 of	 community-dwelling	 stroke	 survivors	 suffer	 falls)	 (Peters	 et	 al.,	 2016),	
researchers	 are	 increasingly	 turning	 to	 detailed	 gait	 analysis,	 in	 order	 to	 understand	 the	






Walking,	 as	 classified	 by	 the	 International	 Classification	 of	 Function,	 Disability	 and	Health	
(ICF),	 is	 a	health	and	health-related	domain	of	 the	Activities	and	Participation	component	






2017;	 Levin	 et	 al.,	 2009).	 Therefore,	 during	 walking,	 stroke	 survivors	 develop	 various	
compensatory	or	asymmetry	strategies,	in	response	to	the	insufficient	return	of	nerve	system	
function	and	in	order	to	achieve	a	functional	and	safe	gait	pattern	(Levin	et	al.,	2009;	B.	Raja	
et	 al.,	 2012).	 Therefore,	 understanding	 post-stroke	 gait	 patterns	 and	 mechanisms	 to	 aid	




Post-stroke	 gait	 asymmetry	 has	 been	 extensively	 studied	 and	 investigated	 from	 a	
biomechanical	point	of	view	and	has	been	utilised	as	one	of	the	fundamental	indicators	that	
enables	an	 insight	 into	walking	ability.	More	detailed	measures	of	walking	 (as	opposed	 to	
	 8	
crude	measures	 of	 speed)	 could	 aid	 clinicians	 and	 researchers	 to	 identify	 and	 track	 gait-
related	 deviations	 in	 individuals	 with	 stroke	 (Patterson	 et	 al.,	 2012).	 Post-stroke	 gait	































the	 magnitude	 and	 direction	 of	 asymmetry	 between	 limbs	 (K.	 K.	 Patterson	 et	 al.,	 2008;	
Roerdink	and	Beek,	2011).		
	
Previous	 literature	 has	 suggested	 that	 post-stroke,	 individuals	 display	 longer	 paretic	 step	
length,	 because	 of	 lower	 paretic	 side	 foot	 propulsion.	 This	 weak	 propulsion	 force	 of	 the	
paretic	 side	 affects	 the	 forward	 progression	 of	 the	 contralateral	 side	 (non-paretic	 side),	
resulting	in	short	step	length	in	the	non-paretic	side	(Balasubramanian	et	al.,	2007;	Hsu	et	al.,	
2003).	 However,	 Kim	 and	 Eng	 (2003)	 report	 that	 increased	 step	 length	 in	 chronic	 stroke	
survivors	 (n=28)	 is	not	only	present	 in	 the	paretic	 limb,	but	can	also	be	 found	 in	 the	non-
paretic	 limb	 (with	 the	 number	 of	 post-stroke	 participants	 exhibiting	 longer	 paretic/non-
paretic	 steps	 amounting	 to	 14/14).	 Inconsistencies	 in	 the	 direction	 of	 the	 step	 length	
asymmetry	across	stroke	survivors	is	supported	by	Roerdink	and	Beek	(2011),	who	sought	to	
understand	 the	 variation	 in	 the	 direction	 of	 step	 length	 asymmetry	 among	 chronic	 post-
stroke	 subjects	 (n=10).	 The	 results	 showed	 that	 forward	 foot	 placement,	 and	 trunk	














limbs.	 Although	 no	 systematic	 review	 has	 hitherto	 been	 undertaken	 on	 post-stroke	 joint	
kinematics,	 some	 recent	 narrative	 reviews(Beyaert	 et	 al.,	 2015;	 Sheffler	 and	 Chae,	 2015)	
indicate	that	common	kinematic	deviations	in	the	lower	limbs	comprise	the	following:	






















magnitude	of	kinetic	profile	 (involving	 forces,	work,	energy,	power	and	moments)	 in	both	
limbs	 and	 in	 the	 symmetry	 of	 these	 variables	 between	 limbs	while	walking,	 compared	 to	
healthy	participants	(Wonsetler	and	Bowden,	2017b).	Moreover,	changes	in	the	magnitude	
of	kinetic	variables	in	individuals	with	stroke	is	reported	as	relating	to	other	factors,	such	as	









































Allen	 et	 al.	 (2011)	 investigated	 the	 relationship	 between	 chronic	 stroke	 survivors	 (n=55),	
grouped	by	step	length	asymmetry	(high	(n=29),	symmetrical	(n=17),	and	low	(n=9)	groups)	
and	 lower	 limb	 joint	 moments.	 The	 above	 study	 showed	 that,	 compared	 to	 the	 healthy	
participants,	 the	 paretic	 leg	 ankle	 moment	 impulse	 was	 decreased	 in	 all	 the	 post-stroke	
subjects.	 In	 addition,	 the	 individuals	 with	 a	 longer	 paretic	 step	 length	 (the	 high	 group)	
demonstrated	increased	non-paretic	ankle	dorsiflexion	and	knee	extensor	moment	impulses,	
while	 the	participants	with	a	 shorter	paretic	 step	 (the	 low	group)	displayed	no	 significant	
changes.	 Aside	 from	 this,	 the	 symmetrical	 group,	 compared	 to	 the	 control	 group,	 had	
increased	bilateral	hip	flexor	moment	impulses.	Notwithstanding	this,	despite	the	ankle	joint	
showing	 significant	 differences	 between	 the	 paretic	 and	 non-paretic	 sides	 in	 the	 stroke	
groups;	the	knee	and	hip	joints	revealed	no	significant	differences	between	sides	in	terms	of	
moment	 impulses.	 However,	 this	 study	 utilised	 a	 split-belt	 treadmill,	which	was	 found	 to	
change	 the	 magnitude	 of	 the	 kinetic	 variables	 on	 the	 sagittal	 plane	 (i.e.	 increased	 hip	
extensor,	 decreased	 knee	 extensor,	 and	 decreased	 dorsiflexion	moments),	 in	 comparison	
with	over-ground	walking	(Lee	&	Hidler,	2008).	Thus,	the	true	differences	between	a	stroke	


















in	 walking	 is	 detrimental	 and	 related	 to	 poor	 metabolic	 and	 mechanical	 efficiency	


















resulting	 in	 heavy	 social	 and	 economic	 burdens	 (Palazzo	 et	 al.,	 2016).	 It	 can	occur	 in	 any	
synovial	joint,	such	as	the	knee,	hip,	hands	or	feet	(Palazzo	et	al.,	2016).	Joints	with	OA	are	









2035	(Arthritis	Research	UK,	2013).	OA	may	occur	 in	any	 joint	but	 is	most	common	 in	the	
joints	of	the	lower	extremities:	the	hips	and	knees.	The	existence	of	OA	in	lower	limb	joints	is	





other	 weight-bearing	 joints	 (Palazzo	 et	 al.,	 2016).	 The	 presence	 of	 knee	 OA	 is	 defined	
according	to	two	main	categories:	radiographic	OA	and	symptomatic	OA	(Pereira	et	al.,	2011).	
Knee	 OA	 is	 generally	 defined	 using	 radiographic	 classification	 criteria	 for	 classifying	 and	
grading	OA.	In	this	sense,	the	Kellgren	and	Lawrence	(KL)	score	is	widely	used	as	an	objective	
















As	 reported	 earlier,	 knee	 joint	 OA	 is	 a	 heterogeneous	 disease	 that	 is	 characterised	 by	
progressive	cartilage	degeneration	and	subchondral	bone	changes.	However,	knee	joint	OA	




complex	disorder,	which	 includes	 genetic,	 biochemical	 and	mechanical	 factors,	 since	 joint	
cartilage	is	the	key	component	of	the	disease	process	(Andriacchi	et	al.,	2015).	However,	in	





located	 at	 the	 end	of	 the	bones	 in	 all	 synovial	 joints	 (Halloran	 et	 al.,	 2012).	 It	 provides	 a	








collagen	 fibres,	 proteoglycans	 (complex	 molecules	 composed	 of	 a	 core	 protein)	 and	
chondrocytes	 (Xia	 et	 al.,	 2014).	 Importantly,	 chondrocyte	 cells	 (the	 only	 cell	 type	 in	 the	
articular	 cartilage)	 plays	 a	 vital	 role	 in	 maintaining	 tissue	 homeostasis	 (steady	 internal	






Anatomically,	 articular	 cartilage	 is	 divided	 into	 four	 layers	 (zones):	 superficial,	
middle/transitional,	deep,	and	calcified	(see	Figure	2-1).	The	superficial	zone	represents	the	










referred	 to	 as	 ‘transitional’,	 because	of	 the	 random	 transitional	 arrangement	 of	 (oblique)	
collagen	fibre	layers,	lying	in	both	horizontal	directions	(in	the	superficial	zone)	and	vertically	



















As	 reported	 earlier,	 the	 mechanical	 and	 biological	 properties/components	 of	 articular	
cartilage	play	an	important	role	in	facilitating	the	transmission	of	load	with	a	low	frictional	
coefficient.	 Under	 physiological	 loading,	 the	 components	 of	 articular	 cartilage	 tissue	 are	
altered	in	their	volume	and	internal	pressure	(Sophia	et	al.,	2009).	This	deformation	in	the	
articular	cartilage	 leads	to	an	 interaction	between	the	materials	associated	with	the	 liquid	




the	 pores	 of	 the	 sold	 ECM.	 This	 process	 causes	 frictional	 resistance	 within	 the	 tissue,	
reinforcing	 the	viscoelastic/deformation	behaviour	of	 the	articular	cartilage,	 so	 that	 it	 can	
withstand	the	force	exerted	upon	the	joint.	Later,	once	the	load	on	the	joint	is	removed,	the	
fluid	 in	 the	 ECM	 tissue	 will	 flow	 back	 into	 the	 tissue	 via	 highly	 negatively	 charged	
proteoglycans	(Lotz	and	Loeser,	2012).	However,	the	joint	cartilage	responses	to	mechanical	
loading	are	highly	dependent	on	load	features,	such	as	loading	amplitude	frequency,	strain-
rate	and	 loading	history	 (Sanchez-Adams	et	 al.,	 2014).	 	Moreover,	 the	 ability	 of	 articular	
cartilage	to	withstand	 long-term	mechanical	 loading	will	depend	on	 its	biomechanical	and	
biological	properties	(Sophia	et	al.,	2009).	The	failure	of	these	properties	to	suitably	respond	




The	aetiology	of	OA	 is	multifactorial,	containing	systemic	 factors	that	 include	age,	gender,	
	 18	
race/ethnicity	and	genetics,	as	well	as	local	biomechanical	risk	factors,	such	as	obesity,	joint	
malalignment	 and	 deformity,	 history	 of	 joint	 trauma,	 abnormal	 and/or	 asymmetric	 gait	
mechanics,	and	certain	sporting	activities	and	occupations	(see	Figure	2-2)(Felson	et	al.,	2000;	
Zhang	 &	 Jordan,	 2010).	 Although	 the	 precise	 pathophysiology	 of	 knee	 OA	











Age	 is	 the	one	of	 the	main	and	most	 serious	 risk	 factors	predicting	 the	development	and	







al.,	 2015;	 Loeser	 et	 al.,	 2016).	 However,	 it	 has	 been	 reported	 that	 OA	 may	 occur	 as	 a	
consequence	of	potential	biological	changes	that	accompany	the	aging	process.	These	include	
the	reduced	ability	of	articular	cartilage	tissues	to	stimulate	repairs;	unstable	joints,	due	to	
hypermobility;	 decreased	 muscle	 strength,	 and	 slow	 peripheral	 neurological	 responses	
(Greene	and	Loeser,	2015;	Palazzo	et	al.,	2016).	
	
Studies	 on	 extraocular	 matrix	 components	 have	 suggested	 that	 age	 determines	 the	
composition	 of	 articular	 cartilage;	 with	 increasing	 age,	 the	 synthetic	 function	 of	 the	
chondrocytes	in	all	articular	cartilage	zones	show	decline/alteration,	because	of	changes	in	
the	 distribution	 of	 these	 cells	 (which	 dissipate	 in	 the	 superficial	 zone	 and	 increase	 in	 the	
deeper	zones)	(Lotz	and	Loeser,	2012).	In	contrast,	pathogenic	studies	have	claimed	that	the	
aging	process	 contributes	 to	 the	death	of	 chondrocyte	 cells	 (Lotz	 and	 Loeser,	 2012).	As	 a	









ECM	highly	hydrophilic	and	enables	 it	 to	 resist	compressive	mechanical	 loading.	However,	





























Numerous	 studies	have	 consistently	 reported	 the	positive	 association	between	high	bone	
mass	density	(BMD)	and	the	risk	of	radiographic	knee	OA	(Blagojevic	et	al.,	2010).	Although	
the	mechanism	underlying	this	risk	is	still	unclear,	as	mentioned	earlier,	these	studies	have	
indicated	 narrowing	 joint	 space	 and	 osteophyte	 formation	 as	 the	 possible	 mechanism,	
	 21	
















A	 recent	meta-analysis	 identified	obesity	as	one	of	 the	main	 risk	 factors	of	OA	 in	weight-
bearing	joints.	The	results	showed	a	significant	positive	association	between	increased	BMI	
and	 knee	 OA.	 In	 addition,	 the	 study	 indicated	 that	 every	 five	 units	 of	 increased	 BMI	
heightened	the	risk	of	knee	OA	by	35%	(Jiang	et	al.,	2012).	Furthermore,	systematic	reviews	













et	 al.,	 2014).	 This	 is	 evidence	 that	 joint	 load	 is	 not	 totally	 responsible	 for	 the	 risk	 of	OA.	












































men	 aged	 18	 and	 then	 aged	 24	 at	 follow-up,	 greater	 knee	 extensor	 muscle	 strength	 is	
















al.,	 2015;	 Farrokhi	 et	 al.,	 2015).	 Accordingly,	 there	 are	 two	main	ways	 in	which	 the	 knee	
distributes	 the	 loads	 experienced	 during	 walking:	 through	 the	 role	 of	 external	 moments	





For	 example,	 the	 thickest	 cartilage	 in	 the	 knee	 joint	 is	 in	 the	 load-bearing	 areas	 of	 the	




and	Andriacchi,	 1991).	 Despite	 the	 fact	 that	 appropriate	 loading	 is	 necessary	 to	maintain	
healthy	joint	tissue,	it	is	widely	accepted	that	high	knee	joint	loads	during	walking	are	a	key	
risk	factor	for	initiating	and	accelerating	knee	OA	(Andriacchi	et	al.,	2015;	Bennell	et	al.,	2011).	






understood,	all	 the	above	 risk	 factors	 show	that	OA	 is	a	multifactorial	disease,	driven	by	
mechanical	factors	within	the	context	of	systemic	susceptibility.	Accordingly,	a	review	paper	
by	 Andriacchi	 et	 al.	 (2015)	 developed	 a	 system	model	 of	 the	 influence	 of	 the	 integrated	
behavior	of	various	components	(biological,	mechanical	and	structural)	on	the	capacity	of	
cartilage	 to	 adapt	 to	 biomechanical	 change	 (maintaining	 healthy	 cartilage)	 and	 on	 the	
onset/development	of	OA	(see	Figure	2-5).	The	biological	component	included	factors	that	




local	mechanical	 cell	 environment.	Meanwhile,	 the	 structural	 component	 involved	altered	
joint	 alignment,	 changes	 in	 bone	 structure,	 and	 changes	 in	 cartilage	 thickness/shape	
properties.	Hence,	this	model	suggests	that	a	healthy	articular	joint	will	be	maintained	and	
become	conditioned	to	any	change,	as	 long	as	each	of	 the	components	operates	within	a	
normal	 range	 (see	Figure	25b).	However,	mechanical	 changes	 (in	 the	context	of	biological	
susceptibility)	 seem	to	be	commonly	associated	with	most	of	 the	risk	 factors	 that	appear,	
prior	 to	 the	 development	 of	 clinical	 OA	 (Andriacchi	 et	 al.,	 2015).	 They	 often	 occur	 with	
metabolic	changes	(to	bone	and	soft	tissue)	and	changes	in	levels	of	inflammatory	substances	




















Over	 the	 past	 20	 years,	 KAM	 has	 been	 of	 particular	 interest	 as	 a	 surrogate	 gait	 analysis	
measure	for	medial	knee	loading	(T.	Miyazaki	et	al.,	2002;	Sharma	et	al.,	1998).	It	has	been	
shown	to	be	a	reliable	and	valid	alternative	measure	for	directing	contact	force	measurement	














relative	 to	one	another,	 can	vary	 considerably.	According	 to	 (Thorp	et	al.,	 2006),	 the	KAM	
peaks	are	located	at	the	mid-stance	for	the	first	peak	(frequently	the	largest	peak)	and	at	the	
terminal	stance	for	the	second	peak.	However,	Newell	et	al.	(2008)	reported	that	the	first	KAM	
peak	appears	 at	15%	of	 the	gait	 cycle	 and	 the	 second	peak,	 at	 45%;	while	 the	mid-stance	









KAM	 value	 at	 baseline	 was	 found	 to	 predict	 radiographic	 OA	 progression	 in	 the	 medial	
compartment	of	the	knee	joint	over	time.	The	result	of	the	above	study	showed	that	a	1%	




medial	 compartment	compressive	 loading	during	walking,	and	 it	has	been	shown	 to	be	an	
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important	 predictor	 of	 the	 presence,	 severity	 and	 progression	 of	 radiographic	 knee	 OA	
(Morgenroth	 et	 al.,	 2014).	 However,	 despite	 peak	 KAM	 being	 an	 important	 method	 of	
calculating	knee	joint	 load,	 it	measures	the	load	at	the	maximum	value	of	the	curve	during	













impulse	 gives	 more	 comprehensive	 information	 on	 the	 medial	 compartment’s	 joint	 load.	
However,	despite	the	fact	that	both	the	impulse	and	peak	measures	have	been	considered	as	





As	 reported	earlier,	KFM	 is	an	 indirect	proxy	measurement	of	external	 load	on	knee	 joint	






















According	 to	 Manal	 et	 al.	 (2015),	 high	 peak	 KFM	 is	 an	 important	 predictor	 of	 medial	
compartment	contact	force,	as,	compared	to	KAM,	KFM	improves	the	predication	of	contact	





Compared	 to	 individuals	with	no	OA,	high	KFM	has	been	 found	 to	be	associated	with	 the	
presence	of	patellofemoral	OA.	A	recent	study	by	Teng	et	al.	(2015)	explored	the	associated	



































































influenced	 the	KAM-walking	 speed	 relationship	 slops,	as	 they	were	significantly	greater	 in	
those	 with	 less	 severe	 knee	 OA,	 compared	 to	 the	 asymptomatic	 control	 participants.	
Accordingly,	the	above	study	concluded	that	slowing	the	walking	speed	is	a	potential	method	
of	 reducing	 load	 (KAM)	 in	 a	 subject	with	OA.	However,	 this	 study	 looked	only	 at	 a	 cross-
section	of	SS	walking	speeds	and	did	not	investigate	the	differences	at	increased,	decreased	
or	 control	 walking	 speeds.	 Meanwhile,	 Landry	 et	 al.	 (2007)	 examined	 the	 biomechanical	







severe	 OA	 n=13).	 However,	 at	 the	 control	 walking	 speed	 (1.0	 m/s),	 peak	 KAM	 did	 not	























2001).	 The	 pelvis	 rotation	 angle	 from	 the	 start	 of	 walking	 until	 the	 end	 shows	 a	 gradual	
increase	of	tilting	over	the	stance	leg,	reaching	the	maximum	and	creating	the	first	peak	at	






















impulse)	with	 contralateral	 pelvic	 drop.	 However,	 all	 comparisons	were	 conducted	 under	
different	stance	conditions	and	not	during	walking.	The	above	authors	suggested	 that	 the	
assessment	of	proximal	biomechanics,	such	as	pelvic	obliquity,	is	very	important	in	identifying	










of	 the	swing	 limb	contributes	 to	 trunk	 lean	towards	 the	stance	 limb	(i.e.	 the	contralateral	
side).	In	the	above	study,	this	adoptive	mechanism	was	adapted	by	individuals	with	knee	OA	
to	reduce	pain	during	walking.	Therefore,	a	study	by	Bechard	et	al.	(2012)	showed	that	pelvic	












or	swing	 limbs.	 In	both	situations,	 the	mechanism	of	 lateral	 trunk	 lean	 is	 to	shift	 the	CoM	




























































However,	 KAM	 impulse	 has	 generated	 contradictory	 results,	 given	 that	 it	 appeared	 to	
increase	 (Simic	 et	 al.,	 2013)	 with	 toe-in	 in	 some	 studies,	 while	 other	 studies	 reported	 a	
decrease	(Khan	et	al.,	2017).	According	to	van	den	Noort	et	al.	(2013),	in	addition	to	the	role	
of	toe-out	in	increasing	KAM	in	early	and	mid-stance	by	21-24%,	toe-out	reduces	KAM	in	late	












Stride	 length	 is	 one	 of	 the	 spatiotemporal	 parameters	 that	 play	 an	 important	 role	 in	
determining	 walking	 speed,	 gait	 pattern	 and	 kinematic	 changes	 (Ardestani	 et	 al.,	 2016;	
Danion	et	al.,	2003).	However,	the	role	of	stride	length	(or	step	length)	on	lower	limb	kinetics	
and	 on	 knee	 moments	 in	 particular	 has	 not	 been	 well	 established.	 Russell	 et	 al.	 (2010)	
investigated	the	effects	of	changing	step	length	on	KAM	(peak	and	impulse)	in	two	groups:	
obese	women	and	a	healthy	control.	The	results	indicated	that	decreasing	step	length	by	15%	
reduces	 KAM	 impulse,	 while	 peak	 KAM	 showed	 no	 difference.	 However,	 these	 female	



























The	knee	 joint,	as	a	weight-bearing	 joint,	plays	a	fundamental	role	 in	walking,	adapting	to	
weight	bearing	and	load	distribution.	According	to	Creaby	et	al.	(2013),	knee	joint	load	on	the	












As	 reported	 earlier,	 there	 are	 two	 main	 ways	 in	 which	 the	 knee	 distributes	 the	 load	
experienced	during	walking:	through	the	external	moments	around	the	knee	and	through	the	
contribution	of	muscles,	 ligaments	and	cartilage	to	support	 these	moments	 (Creaby	et	al.,	




These	muscles	 are	activated	 in	 tandem	 (through	 co-contraction,	 in	which	agonist	muscles	













two	methods	may	have	 an	 effect	 on	 the	magnitude	of	 KFM	during	walking.	 According	 to	
(Ardestani	 et	 al.,	 2016),	 who	 investigated	 the	 influence	 of	 these	 two	 strategies	 on	 KFM,	
individuals	walking	with	an	increased	stride	length	showed	an	increase	in	KFM,	compared	to	








compensatory	 movement,	 and	 over/asymmetry	 loading	 between	 sides	 may	 play	 an	
important	role	in	the	development	of	OA	in	the	(originally)	non-affected	limb,	which	can	result	
in	additive	functional	disability	(N.	Shakoor	et	al.,	2002;	Struyf	et	al.,	2009;	Lloyd	et	al.,	2010;	












ambulatory	 loads	 and	 as	 long	 as	 there	 are	 no	 deviations	 from	 the	 normal	 patterns	 of	





this	 new	 load	 properly,	 the	 cumulative	 effects	 of	 repeated	mechanical	 loading	 (with	 the	
presence	of	biological	 factors)	 could	be	pivotal	 to	 the	development	of	 stress-related	knee	
injuries	and	disorders	on	the	unaffected	side.	Alternatively,	OA	progression	on	the	affected	




Individuals	with	unilateral	OA	have	been	 found	 to	be	at	high	 risk	of	developing	OA	 in	 the	
contralateral	 knee	 joint	 (i.e.	 the	knee	of	 the	opposite	 limb	 from	 the	affected	 side),	which	
supports	 the	 belief	 that	 asymmetric	 mechanical	 loading	 plays	 an	 important	 role	 in	 the	
development	of	knee	OA	(Andriacchi	and	Mündermann,	2006;	Shakoor	et	al.,	2003).	
		




investigated	 whether	 increased	 risk	 of	 OA	 in	 the	 contralateral	 side	 knee	 was	 related	 to	
asymmetry	in	dynamic	joint	loading	(i.e.	a	difference	in	peak	KAM	between	limbs).	Baseline	
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gait	 analyses	 were	 conducted	 on	 a	 number	 of	 participants	 before	 and	 after	 undergoing	













and	 joint	proprioception	 in	 individuals	with	unilateral	hip	OA	and	 joint	 loading.	The	above	
study	found	that	asymmetry	in	these	factors	between	limbs	coincided	with	a	significant	10%	
increase	(p=0.029)	in	peak	KAM	for	the	contralateral	knee,	compared	to	the	ipsilateral	side.	





bilateral	disease,	 research	has	also	 identified	 this	 trend	 in	 long-term	traumatic	 lower-limb	




more	 likely	 to	develop	pain	and	OA.	This	 finding	 is	 supported	by	Struyf	et	al.	 (2009),	who	
explored	the	prevalence	of	knee	and	hip	OA	in	the	intact	leg	amongst	traumatic	leg	amputees,	
compared	with	a	healthy	population.	They	found	that	the	prevalence	of	knee	OA	was	27%	







Gait	 asymmetry	 in	 individuals	 with	 unilateral	 amputation	 is	 a	 compensatory	 mechanism	
relating	to	the	biomechanical	adaptation	of	the	function	that	is	missing	from	the	prosthetic	
leg.	Compensatory	gait	asymmetry,	particularly	in	spatiotemporal	(time	and	distance),	kinetic	
and	 kinematic	 parameters,	 and	 walking	 speed	 were	 found,	 relative	 to	 non-amputees,	 to	
increase	the	risk	of	knee	OA	in	the	intact	leg,	due	to	increasing	mechanical	load	on	the	joint	
(Nolan	and	Lees,	2000;	Nolan	et	al.,	 2003;	Schaarschmidt	et	al.,	 2012).	 In	 individuals	with	
unilateral	 amputation,	 gait	 spatiotemporal	 parameters	 between	 limbs	 are	 highly	




load	 among	 individuals	 with	 unilateral	 amputation.	 Their	 study	 revealed	 that	 temporal	
asymmetry	is	responsible	for	increased	GRF	on	the	intact	leg;	resulting	in	greater	joint	loading.	
Therefore,	 increased	 knee	 joint	 load	 in	 the	 intact	 leg	 is	 a	 result	 of	 compensatory	 gait	
asymmetry,	which	may	initiate	the	risk	of	knee	OA	(Andriacchi	and	Mündermann,	2006).	
	
In	 addition	 to	 parameters	 of	 spatiotemporal	 symmetry,	 KAM	 has	 been	 shown	 to	 be	





group	 to	 compare	 with,	 the	 results	 showed	 greater	 loads	 on	 the	 intact	 limb,	 potentially	
increasing	the	risk	of	developing	knee	OA	on	this	side.	KAM	asymmetry	was	also	reported	by	
Lloyd	et	al.	(2010),	who	investigated	the	relationship	between	muscle	strength	asymmetry	
and	 gait	 variable	 asymmetry,	 associated	 with	 risk	 of	 OA	 in	 the	 intact	 limb	 of	 trans-tibial	
amputees.	 Their	 results	 demonstrated	 that	 asymmetric	 knee	 extension	 strength	 is	
significantly	related	to	asymmetry	in	KAM	load	rate	(rho=0.714),	and	that	asymmetric	knee	
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flexion	 strength	 is	moderately	 related	 to	 vertical	 GRF	 in	 the	 intact	 limb	 (rho=0.643).	 The	
literature	demonstrates	that	asymmetry	between	limbs	(for	temporal,	spatial	and	kinetic	gait	





Gait	 dysfunction	 (hemiplegic	 gait)	 is	 one	of	 the	main	deficits	 among	 stroke	 survivors	 that	
limits	 their	 independence	 and	 participation.	 It	 leads	 to	 asymmetry	 in	 spatiotemporal,	
kinematic	and	kinetic	gait	parameters	between	the	affected	and	unaffected	limbs	(Patterson	
et	al.,	2008).	Consequently,	 it	has	been	hypothesised	that	gait	asymmetry	 is	connected	to	
numerous	potentially	 undesirable	 issues,	 such	 as	 challenges	 to	balance	 control,	 increased	








to	 abnormal	 kinematics,	 the	 repetition	 of	 high	 joint	 loads	 (Andriacchi	 and	Mündermann,	
2006),	and	inter-limb	asymmetry	in	kinetic	variables,	which	can	increase	pain	and	the	risk	of	







be	 overweight/obese	 (based	 on	 the	 BMI³25	 Kg/m2).	 This	 increase	 in	 BMI	may	work	 as	 a	
potential	 barrier	 to	 long-term	 post-stroke	motor	 and	 functional	 recovery	 (Sheffler	 et	 al.,	
2012).	In	addition,	a	secondary	data	analysis	study	by	(Sheffler	et	al.,	2014)	investigated	the	
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relationship	 between	 BMI	 and	 selected	 gait	 parameters	 (spatiotemporal,	 kinematic	 and	
kinetic)	 in	chronic	stroke	survivors	 (n=108).	After	controlling	 for	 the	effect	of	age,	gender,	











10	 years.	 Therefore,	 OA	 can	 be	 considered	 as	 a	 comorbid	 pathology	 in	 stroke	 patients,	
because	its	prevalence	increases	with	age.			
	
More	 and	more	 people	 are	 surviving	 strokes	 and	 living	 longer	 with	 persistent	 effects	 on	
walking	 with	 a	 hemiplegic	 gait	 pattern	 (Boysen	 et	 al.,	 2009).	 This	 interaction	 of	 walking	
impairments	 alongside	 the	 biologic	 changes	 occurring	 with	 age	 and	 obesity,	 there	 is	
potentially	a	heightened	risk	of	developing	comorbid	OA	over	the	longer-term.	Irrespective	
of	this,	very	few	studies	have	 investigated	the	development	of	OA	as	a	comorbidity	 in	the	
stroke	 population,	 although	 they	 share	 the	 same	 risk	 factors.	 In	 a	 recent	 cross-sectional	
survey	study	conducted	to	explore	the	prevalence	of	arthritis	in	a	community-dwelling	sample	
with	 (n=1892)	 and	 without	 stroke	 (n=1892),	 the	 results	 highlighted	 a	 slight	 increase	 in	
comorbid	 arthritis	 in	 the	 stroke	 group,	 with	 53%	 of	 the	 stroke	 survivors	 suffering	 from	
arthritis,	 compared	 to	 the	 control	 group	 (43%).	Moreover,	 a	 greater	 proportion	 of	 stroke	
survivors	who	were	older	and	had	high	BMI	reported	lower	limb	arthritis,	compared	to	those	
with	stroke	alone	(Patterson	and	Sibley,	2016).	That	said,	the	above	study	has	a	number	of	






existing	 OA	 on	 stroke	 survivors’	 potential	 rehabilitation	 and	 functional	 outcomes	 (Doruk,	
2013;	Nguyen-Oghalai	et	al.,	2005).	
Survey	studies	by	Rahman	et	al.	(2013a;	2013b)	reported	that	people	with	pre-existing	OA	are	




studies	examining	whether	persistent	gait	 impairments,	 resulting	 from	stroke,	 lead	 to	 the	
subsequent	 development	 of	 OA	 (as	 opposed	 to	 pre-existing	 OA	 leading	 to	 stroke).	
Understanding	the	relationship	between	stroke	and	OA	can	be	helpful	in	an	individual’s	long-




and	 may	 increase	 functional	 limitations	 and	 delay	 recovery,	 as	 well	 as	 restricting	 stroke	
survivors’	participation	in	daily	activities	following	rehabilitation.	A	prospective	cohort	study	
on	 327	 stroke	 survivors	 from	 different	 centres	 showed	 that	 32.4%	 of	 the	 individuals	
complained	of	musculoskeletal	pain,	with	knee	pain	being	the	second	most	common	type	of	




stroke	 survivors	 suffer	 from	 joint	pain,	with	 the	knee	being	 the	most	 commonly	 reported	


















changes	 to	 knee	 joint	 moments	 during	 walking	 (Shull	 et	 al.,	 2013).	 Knee	 joint	 internal	





as	 	 a	 period	 of	 at	 least	 two	 years	 is	 required	 to	 observe	 the	 long-term	 effects	 of	 gait	



























not	 reported	 in	 this	 study,	 the	 decision	 to	 use	 a	 statistical	 test	 (a	 paired	 t-test)	 was	 not	




Clinically,	a	definitive	understanding	of	 the	presence	of	 loading	patterns	known	to	be	 risk	
factors	for	the	development	of	knee	OA	following	stroke	is	important,	because	this	could	help	




Functional	 limitation	 is	 one	 of	 the	 primary	 manifestations	 that	 creates	 difficulties	 for	
individuals	 with	 stroke	 in	 performing	 the	 activities	 of	 daily	 living	 (Beyaert	 et	 al.,	 2015).	
Therefore,	improving	mobility,	especially	walking	independently,	is	one	of	the	major	goals	for	
individuals	 with	 stroke	 (Winstein	 et	 al.,	 2016).	 Stroke	 survivors	 are	 vulnerable	 to	 many	
comorbidities	as	a	result	of	the	pathology	itself	or	secondary	to	the	disability	caused	by	the	
stroke	 (Kuptniratsaikul	 et	 al.,	 2009).	 As	 reported	 earlier,	musculoskeletal	 pain	 is	 common	
among	stroke	survivors,	especially	in	the	knee	joint	(Hettiarachchi	et	al.,	2011;	Karatepe	et	




2016).	 The	 presence	 of	 such	 comorbidity	 is	 reported	 to	 increase	 length	 of	 hospital	 stays	
(Nguyen-Oghalai	et	al.,	2005),	 limit	rehabilitation	outcomes,	and	interfere	with	individuals’	
participation	 in	 rehabilitation	 programmes	 (Doruk,	 2013).	 However,	 early	 diagnosis,	
prevention,	and	the	provision	of	proper	interventions	for	such	morbidity	may	help	to	avoid	
any	further	complications	and	enhance	the	speed	of	recovery.	Therefore,	this	current	study	





The	most	 common	 impairment	 in	 walking	 after	 stroke	 is	 spatiotemporal	 asymmetry.	 Gait	
asymmetry	 limits	 functional	mobility,	which	may	be	 linked	to	the	 fact	 that	 individuals	with	
stroke	 have	 increased	 joint	 symptoms,	 such	 as	 pain,	 compared	 to	 the	 general	 population.	
Research	into	conditions	such	as	amputation	and	unilateral	OA	has	shown	that	asymmetry	in	
walking	(as	a	fundamental	mechanical	stimulus	of	OA	in	the	context	of	biological	susceptibility)	





stroke,	 we	 have	 relatively	 little	 knowledge	 about	 kinetic	 asymmetries,	 particularly	 those	
relating	 to	 KAM	 and	 KFM.	 These	 kinetic	 asymmetries	 may	 indicate	 a	 biomechanical	
































5. To	 explore	 the	 immediate	 effect	 of	 imposing	 symmetric	 gait	 pattern	 (based	 on	 a	
spatiotemporal	symmetry)	on	knee	joint	moments	in	stroke	survivors.		































Ø Able	 to	walk	 for	more	 than	 10	metres	without	 physical	 assistance	 or	 a	walking	 aid.	
Participants	must	have	been	able	 to	 complete	10m	walk	without	assistance.	Time	 to	













Ø Inability	 to	 provide	 informed	 consent	 (due	 to	 receptive	 and/or	 expressive	 language	
problems).	
Ø Any	 cardiovascular,	 musculoskeletal	 or	 balance	 deficits,	 or	 other	 disease/injury	 that	




























This	 is	 one	 of	 the	 functional	 balance	 outcome	 measures	 developed	 to	 assess	 balance	 in	
community-dwelling	 individuals.	The	Berg	Balance	Scale	has	been	shown	 to	have	excellent	






This	 is	 one	 of	 the	most	 comprehensive	 quantitative	measures	 for	 evaluating	 sensory	 and	

























3D	 gait	 analysis	 data	 (kinematic)	 was	 recorded	 using	 10	 infrared	 cameras	 at	 a	 sampling	
frequency	rate	of	100	Hz	(University	of	Salford	site	–	Vicon	Motion	Systems,	Oxford,	UK;	Saudi	





One	 of	 the	 most	 important	 steps	 in	 attaining	 the	 best	 possible	 accuracy	 in	 kinematic	
measurements	is	the	calibration	of	the	3D	system.	Calibration	enables	the	capture	volume	to	
be	 defined,	 thereby	 facilitating	 global	 reference,	 and	 the	 cameras	 to	 be	 appropriately	
positioned	and	orientated.	The	3D	coordination	of	the	marker	position	is	then	created	using	
data	from	each	camera.	Thus,	dynamic	calibration	consists	of	moving	through	the	capture	
volume	and	waving	 the	wands	 (the	Vicon	 system	and	Qualysis	 system	wands)	 through	as	
much	 capture	 volume	 as	 possible,	 enabling	 each	 camera	 to	 record	 the	 wand	 in	 several	






Once	 the	calibration	process	has	been	successfully	completed,	 the	next	calibration	step	 is	
performed	by	placing	the	wand	frame	(for	Vicon/L-frame	for	Qualysis)	in	the	capture	volume,	
precisely	at	the	corner	of	the	first	force	platform,	which	represents	the	origin	(0,	0,	0)	of	(X,	





Upon	 arrival	 at	 the	 University	 of	 Salford’s	 gait	 laboratory	 and	 after	 completing	 the	
laboratory’s	process	 for	preparing	 the	data-collection	procedure	and	signing	 the	 informed	
consent	form,	demographic	data	(age,	weight	and	height)	were	collected.	The	participants	
subsequently	changed	into	shorts	and	footwear	that	they	had	brought	for	the	trial.	Passive	
reflective	 markers	 were	 attached	 to	 the	 participants’	 limbs	 using	 a	 modified	 Calibrated	
Anatomical	 Systems	 Technique	 (CAST)	modelling	marker	 set	 (Cappozzo	 et	 al.,	 1995)	 (see	

















software,	 the	 markers	 in	 the	 recorded	 trials	 were	 labelled	 to	 define	 the	 body	 segments	
according	 to	 the	 proper	 anatomical	 landmarks	 (see	 Table	 3-1).	 However,	 each	 trial	 was	
checked	to	verify	the	correct	name	of	each	marker	and	the	proper	segments,	while	at	the	
same	 time	deleting	all	unnecessary	markers	 that	appeared	 in	 the	volume	capture,	due	 to	
noise	 or	 reflection.	 All	 dynamic	 trials	 were	 then	 saved	 (in	 C3D	 format)	 and	 exported	 to	
Visual3D	software	 (C-Motion	 Inc,	Germantown,	USA).	This	created	a	biomechanical	model	
based	on	the	above	marker	set	(see	Figure	3-1).	
Table	3-1	 for	 the	model	segments).	The	participants	were	then	asked	to	walk	at	 least	 five	
times	 (dynamic	 trials)	 over	 a	 six-metre	 walkway	 (contact	 with	 the	 force	 platforms)	 at	 a	
comfortable	speed.	In	addition	to	this	comfortable	speed,	the	healthy	participants	walked	at	
































phase	 on	 each	 limb	 for	 all	 the	 participants,	 were	 used	 in	 the	 analysis.	 Spatiotemporal,	
kinematic	and	kinetic	data	were	processed	using	Visual3D.	From	body	weight	and	height	data,	
the	 biomechanical	model	 helped	 to	 define	 segment	masses	 and	 inertia	 to	 calculate	 joint	
kinematics	and	kinetics.	Raw	marker	coordinates	and	kinetic	data	were	smoothed	using	low-
pass	 Butterworth	 digital	 filters	 to	 reduce	 the	 magnitude	 of	 noise	 by	 applying	 a	 cut-off	
frequency	at	6	Hz	and	25	Hz	for	the	kinematic	and	kinetic	data,	respectively	(Winter,	2009).	
Gaps	 in	 the	 kinematic	 trajectory	 due	 to	missing	 frames	 of	 the	measured	 data	were	 filled	
through	an	interpolating	process	with	a	maximum	of	10	frames.	Walking	events	(for	example,	
heel	 contact	 and	 toe-off)	 were	 detected	 by	 changes	 in	 the	 force	 platform	 data,	 thus	
determining	 the	 gait	 events	 for	 the	 left-	 and	 right-side	 gait	 cycles	 and	 stance	 phase	
information.	Joint	angles	were	computed	through	Cardan/Euler	rotations	X-Y-Z.	In	addition,	
a	 flexion/extension–adduction/abduction–internal/external	 rotation	 sequence	 was	 used,	
where	flexion,	adduction	and	internal	rotations	were	derived	as	a	positive	angle.	The	mean	
and	standard	deviation	values	were	then	exported	from	visual	3D	to	Microsoft	Excel	2017	
(Microsoft,	Washington,	USA),	 from	which	each	of	 the	 following	outcome	measures	were	
obtained.	
	




mass,	 and	moment	 inertia),	 using	 a	 motion	 capture	 system	 (for	 the	 moment	 calculation	
equation,	see	Figure	3-2).	A	combination	of	these	data	sets	via	an	inverse	dynamic	process	
provided	information	about	the	net	knee	joint	moment	(peaks	of	external	KAM	and	KFM	and	
KAM	 impulse),	 thereby	 estimating	 knee	 load	 and	 reflecting	 the	 nature	 of	 the	medial	 and	

















compensatory	mechanisms	are	correlated	with	external	knee	 joint	moments	 involving	 the	
knee	(Chiba	et	al.,	2016),	because	measuring	the	knee	joint	moment	is	principally	determined	
by	 the	 product	 of	 GRF	 and	 moment	 arm	 to	 estimate	 external	 adduction	 loads.	 The	
manipulation	of	these	two	components	is	arguably	the	main	biomechanical	factor	measured	
by	 motion	 analysis	 systems	 and	 they	 have	 received	 maximum	 attention	 in	 recent	 years,	






















































calculated	 (using	 G*Power	 Version	 3.1.1,	 Universität	 Kiel,	 Germany)	 	 for	 the	 following	
comparisons,	in	order	to	examine	the	extent	of	the	difference	between	groups/subgroups.	ES	
were	interpreted	as:	trivial	effect=d	<0.2,	small	effect=d	<0.5,	medium	effect=d	0.8,	and	large	
















the	 outcome	 measures.	 In	 addition,	 a	 two-way	 repeated-measure	 ANOVA	 was	 used	 to	






asymmetry	 ratios	 reported	 for	 the	 stroke	 survivors	 (median	 1.25	 and	 1.13,	 respectively,	
measured	in	161	stroke	survivors)	(Patterson	et	al	2010),	the	participants	were	classified	into	
two	 groups	 based	 on	 their	 swing	 time	 asymmetry	 (severe	 temporal	 asymmetry	 ratio	
[asymmetric]	 >1.25,	 mild-moderate	 temporal	 asymmetry	 ratio	 <1.25	 [symmetric]),	








ratios	 (Patterson	et	al.,	 2010).	Consequently,	 this	was	 to	 limit	 statistical	power,	 and	a	 full	



















Analysing	 human	movement	 requires	 the	 collection	 of	mechanical	 data	 for	 the	musculo-
skeletal	 system	while	a	motor	 task	 is	being	performed;	 for	example,	using	3-D	movement	
analysis,	 or	 any	 of	 the	 many	 other	 systems	 in	 general	 use	 today	 for	 measuring	 body	
displacement	over	a	period	of	 time	 (Cappozzo	et	al.,	 2005).	However,	measurements	and	
measurement	instruments	should	be	reliable,	valid,	and	responsive	to	any	clinical	change	that	
























artefacts.	 In	 this	 Protocol,	 markers	 are	 not	 positioned	 on	 anatomical	 landmarks;	 rather,	
clusters	of	around	four	markers	are	attached	to	the	feet,	legs,	thighs	and	pelvis.	The	positions	
of	these	anatomical	landmarks	are	then	fixed	according	to	where	the	cluster	is	located	in	the	










The	 aim	 of	 this	 study	 was	 to	 examine	 the	 repeatability	 (between	 two	 visits)	 of	 the	

























It	 is	 important	 to	 ensure	 that	 the	 investigator	 undertakes	 reliable	 marker	 placement	 to	
examine	 the	 between-days	 repeatability	 (test-retest)	 of	 kinematic,	 kinetic	 and	
spatiotemporal	data.	 In	order	 to	achieve	 this,	 intraclass	correlation	coefficients	 (ICCs),	 the	




within	 a	 specific	 range.	 The	 CMC	 is	 a	 dimensionless	 measure,	 which	 combines	 mean	
behaviour	 and	 observed	 variation	 in	 the	 data	 across	 a	 gait	 cycle	 (Røislien	 et	 al.,	 2012).	
Accordingly,	the	CMC	is	calculated	as	a	ratio	of	the	variance	in	the	mean	to	the	total	variability	
of	the	grand	mean	at	a	specific	point	in	time	and	in	several	between-test	trial	sessions	(five	


































The	 results	of	 the	 spatiotemporal	parameters	 showed	 ‘excellent’	 repeatability	 for	walking	
speed,	step	length,	stance,	and	swing	time	parameters	(ICC>0.87),	with	low	SEM	<0.06°	(see	
Table	 3-3).	 In	 fact,	 the	 overall	 results	 of	 the	 kinematic	 variables	 showed	 ‘good-excellent’	
repeatability,	with	 an	 average	CMC	of	 between	0.74	 to	 0.99,	 and	with	 a	 SEM	<	 2.4°	 (see	
Table	3-4).	Very	high	repeatability	(CMC>0.90)	was	found	for	pelvic	obliquity,	pelvic	rotation,	
all	 hip	 angles,	 knee	 flexion	 and	 ankle	 dorsiflexion/plantarflexion.	 For	 the	majority	 of	 the	









Spatiotemporal	 Mean	(SD)	 ICC	 95%	CI	 SEM	 %	SEM	
Walking	speed	(m/s)	 1.29	(0.35)	 0.97	 0.85-0.99	 0.06	(m/s)	 4.7	
Step	Length	(m)	 0.70	(0.05)	 0.98	 0.90-1.0	 0.02	(m)	 2.9	
Stance	Time	(s)	 0.69	(0.07)	 0.89	 0.44-0.98	 0.02	(s)	 4.34	






Joint	angle	 Plane	 Mean	(SD)	(°)	 CMC	 SD	 SEM	(°)	 %SEM	
Pelvic	Angles	(°)	
x	 2.99	(0.76)	 0.74	 0.17	 0.58	 19.56		
y	 4.32	(0.48)	 0.95	 0.02	 0.56	 12.90		
Hip	Angles	(°)	
x	 24.96	(1.26)	 0.99	 0.01	 1.82	 7.29		
y	 7.76	(0.77)	 0.97	 0.02	 1.02	 13.18		
Knee	Angles	(°)	
x	 64.45	(1.37)	 0.99	 0.00	 2.22	 3.43		
y	 5.93	(0.97)	 0.82	 0.16	 1.33	 22.45		
Virtual	Angles	(°)	
x	 18.02(0.90)	 0.96	 0.02	 1.55	 8.62		





















x	 0.74	(0.09)	 0.97	 0.01	 0.06	 8.60	
y	 0.97	(0.05)	 0.98	 0.01	 0.05	 5.43	
Knee	Moments	(Nm/kg)	
x	 0.48	(0.04)	 0.93	 0.06	 0.04	 8.66	
y	 0.56	(0.04)	 0.98	 0.01	 0.02	 3.77	
Ankle	Moments	(Nm/kg)	
x	 1.35	(0.04)	 0.98	 0.01	 0.06	 4.18	
y	 0.14	(0.02)	 0.75	 0.23	 0.03	 20.21	
GRF	(N/Kg)	
x	 0.06	(0.01)	 0.94	 0.04	 0.01	 10.58	
y	 0.18	(0.01)	 0.98	 0.00	 0.01	 7.35	
z	 1.01	(0.02)	 0.94	 0.04	 0.08	 8.05	
	
3.8.5 Discussion	
The	 aim	 of	 this	 study	 was	 to	 determine	 the	 repeatability	 (between	 two	 visits)	 of	 the	












displayed	 ‘excellent’	 repeatability	 (>0.96),	 except	 for	 pelvic	 tilt,	 which	 showed	 only	



















































of	 young	 adults	 (mean	 age	 of	 35	 years),	 walking	 at	 SS	 walking	 speed,	 which	 limits	
generalisability	 to	 older	 subjects	 and	 stroke	 survivors.	 However,	 these	 study	 participants	
were	specifically	selected	to	ensure	a	standardised	study	design,	which	excluded	additional	
sources	of	variability;	for	example,	gait	pathology,	high	BMI,	and	different	walking	speeds	and	









error	 (marker	 placement)	 in	 gait	 measures	 among	 this	 healthy	 cohort	 is	 likely	 to	 be	
generalisable	 to	 any	 adult	 patient	 group.	 However,	 the	 influences	 of	 pathological	 gait	
patterns	on	kinetic	measures	and	the	stability	of	these	in	patient	groups,	like	stroke	survivors	
requires	 further	 investigation.	 Importantly,	 although	 gait	mechanics	 are	 known	 to	 change	
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investigated	whether	gait	 impairments	 following	 stroke	alter	KAM	and	KFM	 in	a	way	 that	
would	 indicate	the	risk	of	 joint	degeneration	(based	on	a	systematic	 literature	search;	see	
Appendix	A.7).	As	a	result	of	previously	noted	variability	between	stroke	survivors	(Marrocco	
et	 al.,	 2016),	 it	 remains	 unclear	 whether	 gait	 impairments	 following	 stroke	 alter	 joint	
moments	in	such	a	way	as	to	increase	the	risk	of	comorbid	knee	joint	OA.		
	
Clinically,	 a	 definitive	 understanding	 of	 knee	 loading	 patterns	 following	 stroke,	 and	 of	
whether	 these	 represent	 a	 known	 risk	 of	 developing	 OA,	 is	 important	 to	 help	 clinicians	




and	step	 length)	asymmetry	 sub-groups.	Both	asymmetrical	knee	 joint	moments	between	














Demographic	 data	 (age,	 weight	 and	 height),	 as	 well	 as	 clinically	 standardised,	 validated	
measures	 of	 functional	 recovery	 and	 motor	 control	 were	 documented.	 The	 following	
measures	were	used:	walking	speed	over	a	six	metre	walking	path;	the	Berg	Balance	Scale;	
the	Fugl-Meyer	Assessment	of	Motor	Performance	(lower	extremity	subscale);	the	Timed	













slower	 speed	 (0.8	 m/s),	 which	 corresponded	 to	 the	 mean	 walking	 speed	 of	 the	 stroke	






data	were	 processed	with	Visual3D	 (C-Motion,	 Inc.,	Germantown,	MA,	USA).	 Raw	marker	
coordinates	 and	 kinetic	 data	 were	 filtered	 with	 a	 Butterworth	 filter	 at	 low-pass	 cut-off	
frequencies	of	6	Hz	and	25	Hz,	respectively.	






in/out),	 are	 known	 to	 influence	 knee	 joint	 moment,	 these	 were	 measured	 to	 provide	 a	
context	for	interpreting	observed	joint	moments.	Hip	hiking	was	measured	as	the	magnitude	





































of	 the	 stroke	 survivors	 reflects	 moderate	 and	 mild	 levels	 of	 impairment	 in	 community	
ambulation	 (Perry	 et	 al.,	 1995).	 According	 to	 the	 suggested	 cut-off	 ratio	 of	 the	 healthy	










stroke	 survivors;	 60%	 of	 the	 temporal	 asymmetry	 sub-group,	 71.4%	 of	 the	 temporal	
symmetry	sub-group,	100%	of	the	spatial	asymmetry	sub-group,	and	54.5%	of	the	spatial	
symmetry	 sub-group	 displayed	 a	 longer	 step	 length	with	 the	 paretic	 limb.	Moreover,	 the	
stroke	 survivors	with	 asymmetry	 had	more	 recently	 experienced	 the	 onset	 of	 stroke	 and	
walked	 more	 slowly	 than	 those	 without	 asymmetry.	 Finally,	 in	 all	 sub-groups	 of	 stroke	
survivors,	pelvic	obliquity	was	more	pronounced	than	in	the	healthy	controls.	However,	the	




























































































































































































































































































































































Figure	 4-5:	 Observed	 mean	 knee	 joint	 moments	 and	 95%	 confidence	 intervals,	 indicated	 by	 whiskers	 for	
temporal	sub-groups	of	stroke	survivors	(asymmetrical	and	symmetrical	groups).	The	stroke	survivors’	individual	
means	are	represented	by	scatter	plots	(numbered),	referring	to	the	paretic	and	non-paretic	sides	in	relation	to:	






4.3.5.4 Spatial	 Symmetry/Asymmetry	 Sub-groups	 of	 Stroke	 Survivors	 versus	 Healthy	
Participants	Walking	at	SS	Speeds	and	0.8	m/s	
In	 spatial	 asymmetry	 sub-groups	 of	 stroke	 survivors,	 peak	 KAM	 on	 the	 paretic	 and	 non-
paretic	sides	was	found	to	be	lower	than	the	lower	95%	CI	of	healthy	controls	walking	at	0.8	








However,	 in	 more	 than	 60%	 of	 the	 stroke	 survivors,	 the	 paretic	 and	 non-paretic	 sides	
exceeded	the	 lower	95%	CI	of	 the	healthy	controls	walking	at	0.8	m/s	and	SS	speeds	 (see	
Figure	4-6a;	Table	4-8).	








































































survivors	 (n=17),	 the	 sub-groups	 of	 stroke	 survivors	 with	 temporal	 asymmetry	 (asymmetrical	 group:	 n=10,	



































































































































in	stroke	survivors	 (reflecting	 joint	 loading	patterns	 that	are	prognostic	of	 the	risk	of	 joint	
degeneration).	Moreover,	it	is	believed	to	be	the	first	study	to	measure	KAM	and	KFM	in	sub-
groups	 of	 stroke	 survivors	with	 severe	 temporal	 or	 spatial	 asymmetry.	 This	 is	 important,	
because	 an	 understanding	 of	 joint	 loading	 and	 how	 this	 changes	 after	 stroke	 can	 help	
clinicians	 prioritise	 gait	 rehabilitation	 goals	 (for	 example,	 to	 correct	 symmetry	 during	
walking),	in	order	to	limit	the	potential	for	long-term	knee	joint	degeneration.		
The	results	of	this	study	indicate	that	the	KAM	on	both	the	paretic	and	non-paretic	sides	was	
lower	 in	 long-term	 stroke	 survivors	 (with	 or	 without	 spatiotemporal	 gait	 asymmetry),	
compared	to	their	healthy	counterparts.	This	may	be	due	to	compensatory	gait	patterns,	such	
as	 hip	 hiking.	 However,	 KFM	 on	 the	 non-paretic	 side	 in	 the	majority	 (52%)	 of	 the	 stroke	
survivors	exceeded	that	of	the	healthy	controls,	when	walking	at	matched	slow	speeds.	This	
may	present	a	risk	of	joint	degeneration,	given	that	heightened	KFM	is	linked	to	increased	
patellofemoral	 joint	 contact	 stress,	 as	 well	 as	 the	 risk	 of	 patellofemoral	 pain	 and	 future	
patellofemoral	OA	(Creaby	et	al.,	2013;	Farrokhi	et	al.,	2015).		The	results	of	this	study	were	



















the	magnitude	of	KAM	peaks	 in	healthy	participants.	 The	 results	of	 the	above-mentioned	
study	showed	that	an	increase	in	KAM	impulse	and	KAM	peaks	was	due	to	slow	walking	speed	
(thus	increasing	stance	duration)	and	an	increase	in	speed,	respectively.	The	results	of	the	






In	 consideration	 of	 the	 findings	 of	 this	 study,	 the	 effect	 of	 walking	 speed	 on	 knee	 joint	
moments	should	be	taken	into	account	in	clinical	gait	studies.	Accordingly,	as	individuals	with	
pathology	 tend	 to	 walk	 slower	 than	 healthy	 subjects	 (Fey	 and	 Neptune,	 2012;	 Zeni	 and	
Higginson,	 2009),	 walking	 speed	 should	 be	 accounted	 for	 in	 the	 discrepancies	 between	




Knee	 joint	moments	 are	 affected	 by	walking	 speed.	 Decreasing	walking	 speed	will	 also	











ratios	were	high,	with	a	 consistently	 longer	period	of	non-paretic	 stance,	which	would	be	
expected	to	increase	KAM	impulse	on	the	non-paretic	side.	Instead,	it	is	suggested	here	that	






effect	 on	 the	 paretic	 side	 (shortened	 stance	 time	 and	 higher	 KAM	moment	 arm).	While	
previous	work	 by	Marrocco	 (2016)	 failed	 to	 statistically	 compare	 paretic	 and	 non-paretic	
sides,	seven	out	of	nine	stroke	survivors	in	the	above	study	also	demonstrated	lower	peak	
KAM	 on	 the	 non-paretic	 side	 (Marrocco	 et	 al.,	 2016),	 thus	 supporting	 the	 current	 study	

























The	present	 study	 found	 that	 for	 the	whole	group	of	 stroke	 survivors,	 KAM	 impulse	was	
significantly	lower	on	both	the	paretic	and	non-paretic	sides,	compared	to	healthy	controls	
walking	at	comparable	slower	speeds,	and	on	the	paretic	side,	compared	to	healthy	controls	












(see	Table	4-2).	Given	 the	prevalent	 rehabilitation	goal	of	 increasing	 the	walking	speed	of	
stroke	survivors	(Dickstein,	2008),	future	studies	should	also	examine	the	effects	of	increased	
walking	speed	on	their	knee	loading	patterns.		
KFM	was	 found	 to	 be	 significantly	higher	 on	 the	 non-paretic	 side	 in	 the	 stroke	 survivors	







compensatory	 strategies	 are	 common	 in	 stroke	 survivors,	 providing	 mechanical	 stability	
through	the	stiffening	of	joints	(Beyaert	et	al.,	2015).	However,	both	increased	knee	RoM	and	
muscular	co-contraction	have	previously	been	found	to	increase	contact	force	at	the	knee,	as	


























































and	 Sibley,	 2016),	 the	 contribution	of	 pelvic	 tilt	 in	 the	present	 study	disproves	 the	 above	
hypothesis	 by	 reducing	 load	on	 this	 side.	 Therefore,	 future	work	 should	 consider	 the	 link	
between	spatiotemporal	asymmetry,	pelvic	obliquity,	and	the	frontal	plane	of	the	knee	joint	
moment	in	stroke	survivors.	
High	 knee	 RoM	 is	 linked	 with	 high	 KFM,	 while	 knee	 RoM	 is	 higher	 at	 faster	 speeds.	
Accordingly,	 the	 sub-group	of	participants	with	 the	 fastest	walking	 speed	 (the	 temporally	
symmetrical	 sub-group)	 had	 the	 highest	 and	 least	 asymmetrical	 KFM.	 	 Conversely,	 the	
temporal	 asymmetry	 sub-group	 displayed	 lower	 KFM	 magnitude	 as	 higher	 asymmetry	
between	 limbs.	The	 results	of	 the	current	 study	 for	 the	spatial	asymmetry	 sub-group	are	
consistent	with	those	published	by	Allen	et	al.	(2011),	who	showed	that	for	stroke	survivors	
with	longer	paretic	step	length,	KFM	increases	on	the	non-paretic	side	(because	of	foot	and	
knee-muscle	 propulsion).	 The	 above	 study	 also	 indicated	 that	 the	 stroke	 survivors	 with	
symmetrical	step	length	showed	no	difference	in	KFM	between	sides.	This	supports	what	has	
been	suggested	in	earlier	studies,	namely	that	stroke	survivors	with	symmetrical	step	length	








































healthy	 controls	 (-3.71°);	 consequently	 decreasing	 KAM	 impulse	 on	 the	 paretic	 side.	 This	
















While	 slow	 walking	 speed	 was	 found	 to	 increase	 KAM	 impulse	 by	 33.3%	 in	 the	 healthy	
subjects,	in	contrast	to	SS	walking	speeds	(see	Figure	1.4),	KAM	impulse	on	both	sides	was	
lower	in	all	the	stroke	survivor	sub-groups	than	in	the	healthy	controls,	walking	at	a	matched	
speed.	 This	 finding	 contradicts	 those	 of	 previous	 studies,	 which	 show	 that	 KAM	 impulse	
increases	with	slow	walking	speed	(Robbins	and	Maly,	2009).	The	above	inconsistent	finding	
































One	 limitation	 of	 this	 study	 is	 that	 physical	 activity	 was	 not	 assessed,	 which	 could	 have	
provided	important	additional	insights	into	the	extent	to	which	stroke	survivors	experience	
repetitions	 of	 high	 KFM	 in	 daily	 life.	 A	 further	 limitation	 of	 this	 study	 is	 the	 absence	 of	
radiographic	data	for	the	stroke	survivor	sub-groups	and	healthy	controls,	giving	rise	to	the	
possibility	 that	 there	 were	 structural	 changes	 associated	 with	 the	 knee	 joint	 in	 the	
participants.	Accordingly,	estimating	knee	joint	load	and	the	potential	risk	of	OA	depends	on	
external	 knee	 joint	moments	 (KAM	and	KFM),	not	 structural	 changes	 in	 the	 joint,	 such	as	
radiographic	examination.		
The	small	sample	size	of	the	stroke	cohort	and	healthy	groups	is	another	limitation	of	this	
current	 study.	 According	 to	 the	 post-hoc	 power	 calculation,	 the	 sample	 size	 should	 have	
consisted	of	at	 least	28	healthy	subjects	and	30	stroke	survivors.	This	 lack	of	difference	 in	









Future	studies	should	examine	 joint	 loading	patterns	 longitudinally	 in	sub-groups	of	acute	






difficult,	 musculoskeletal	 modelling	 may	 be	 considered	 as	 an	 alternative	 approach	 to	
estimating	 knee	 joint	 contact	 force,	 due	 to	 the	 contribution	 of	 individual	muscles	 during	
walking.	 Conducting	 such	 work	 as	 future	 research	 would	 enable	 further	 analysis	 of	 the	
magnitude	of	contact	force	on	stroke	survivors’	knee	joints,	particularly	on	the	non-paretic	
side.	
Finally,	 the	 link	 between	 stroke	 survivors’	 compensatory	 mechanisms	 and	 biomechanical	













vulnerable	 to	 the	 development	 of	 patellofemoral	 joint	 pain	 and	 knee	 joint	 degeneration.	
Stroke-related	biomechanical	changes	to	walking	patterns	(either	with	severe	or	less	severe	
spatiotemporal	 asymmetries),	 such	 as	 changes	 in	walking	 speed	 (which	 are	 rehabilitation	
targets)	and	knee	RoM,	may	contribute	to	heightened	KFM,	but	pelvic	tilt	could	also	offer	
protection	 against	 KAM	 patterns	 that	 are	 predictive	 of	 OA.	 Rehabilitation	 efforts	 should	
therefore	consider	the	effects	of	these	compensatory	walking	patterns	over	stroke	survivors’	







This	 chapter	 aims	 to	 explore	 the	 immediate	 effect	 of	 imposing	 spatially	 and	 temporally	






after	 an	extensive	 rehabilitation	process	 (Balaban	and	Tok,	 2014),	 numerous	 impairments	




asymmetry	may	be	caused	by	stroke-related	neurological	deficits	 (i.e.	 loss	of	 leg	strength,	
impaired	 balance,	 muscle	 co-contraction,	 and	 spasticity);	 all	 of	 which	 may	 limit	 forward	
progression	 during	walking	 and	 thereby	 reduce	 independence	 (Hendrickson	 et	 al.,	 2014).	
Therefore,	it	has	been	hypothesised	that	gait	asymmetry	may	be	connected	to	many	potential	
deleterious	 side	 effects,	 such	 as	 challenges	 to	 balance	 control	 (increased	 risk	 of	 falls),	
increased	 energy	 expenditure,	 increased	 risk	 of	musculoskeletal	 injury	 to	 the	 non-paretic	
lower	extremity,	and	reduced	overall	activity	(Balaban	and	Tok,	2014;	Kim	et	al.,	2016;	Li	et	
al.,	2018;	Patterson	and	Sibley,	2016).		Accordingly,	a	wide	range	of	treatment	approaches	








asymmetry	 helps	 avoid	 the	 potentially	 negative	 consequences	 of	 joint	
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degeneration/musculoskeletal	 injury,	 assumed	 to	 result	 from	 an	 asymmetrical	 walking	
pattern	(K.	K.	Patterson	et	al.,	2008;	Patterson	and	Sibley,	2016),	is	not	known.		Numerous	
studies	have	evaluated	interventions	aimed	at	restoring	walking	symmetry	in	stroke	survivors,	












• Measure	 the	 immediate	 effect	 of	 altering	 temporal	 gait	 asymmetry	 (by	 imposing	
swing	time	symmetry)	on	stroke	survivors’	knee	moment	profiles	during	walking.	

























studies	at	 the	University	of	 Salford,	 and	 the	CitizenScientist	website,	 also	participated	 in	a	
control	group	for	this	research.	The	 inclusion	and	exclusion	criteria	applied	were	similar	 to	




- Healthy	 participants	 with	 a	 swing	 time	 asymmetry	 ratio	 >1.06	 and	 step	 length	










3.3).	 For	 example,	 the	 participants	were	 fitted	with	 single-reflective	 passive	markers	 and	
cluster	markers,	using	the	CAST	marker	model.	They	then	walked	along	a	six-metre	walkway	
for	a	minimum	of	five	trials.		Kinetic	data	were	obtained	from	embedded	force	plates,	and	
kinematic	 data	were	 collected	 using	 a	motion	 capture	 system.	 The	metronome	 software,	
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MatTAP	(MATLAB	Timing	Analysis	Package)	was	used	as	an	additional	 tool	 to	help	 impose	
symmetrical	and	asymmetrical	gait	patterns	onto	the	participants	(Elliott	et	al.,	2009).	This	
highly	accurate	metronome	generates	up	to	two	independent	tones/beats	and	allows	users	
to	adjust	numerous	 features,	such	as	 interval	 frequency,	 tone	duration,	and	frequency,	as	
well	 as	 the	 length	 of	 the	 synchronisation	 period.	 Importantly,	 it	 also	 offers	 the	 option	 of	
individualising	 metronome	 intervals	 and	 phase	 shifts.	 A	 dual-tone	 metronome	 is	
recommended,	since,	compared	to	a	single-tone	metronome,	it	provides	cueing	for	each	step,	
thus	 enabling	 stronger	 auditory-motor	 synchronisation	 (i.e.	 more	 control	 over	 beats	 in	
relation	 to	 each	 other,	 in	 order	 to	 impose	 symmetry/asymmetry)	 (Roerdink	 et	 al.,	 2009;	








Each	of	 the	stroke	participants	walked	along	 the	six-metre	walkway	with	embedded	 force	





































both	 legs	 (based	 on	 the	 average	 step	 length	 on	 both	 sides	 under	NG/baseline	















phase	 (i.e.	 the	 foot	 landed	 entirely	 on	 the	 force	 platform),	 and	 the	walking	 speed	 for	 all	





















the	 participants’	 characteristics	were	 used	 to	 summarise	 demographic	 details	 for	 all	 sub-
groups.	
The	 purpose	 of	 this	 study	 was	 to	 define	 the	 change	 in	 joint	 moment	 after	 imposing	
spatiotemporal	symmetry/asymmetry,	following	a	stroke.	Accordingly,	the	recruited	group	of	
stroke	 survivors	 (n=13)	 was	 split	 unevenly	 into	 small	 sub-groups,	 based	 on	 the	 baseline	
spatiotemporal	 asymmetry/symmetry	 of	 swing	 time	 and	 step	 length	 ratios,	 which	 were	





the	 joint	moments	were	 ‘significantly	different’	between	the	 two	main	groups	 (the	stroke	
survivors	and	the	healthy	controls).	Specifically,	joint	loads	would	be	considered	‘high’,	if	the	














classified	 into	 different	 sub-groups	 based	 on	 the	 baseline	 spatiotemporal	
asymmetry/symmetry	of	their	swing	time	and	step	length	ratios:	the	asymmetry	temporal	
(n=9),	 symmetrical	 temporal	 (n=4),	 asymmetry	 spatial	 (n=5)	 and	 symmetry	 spatial	 sub-
groups	(n=8).	
Three	 out	 of	 the	 eight	 participants	 in	 the	 spatial	 symmetry	 sub-group	 were	 considered	





















5.3.2 Imposing	 Swing	 time	 and	 Step	 length	 Symmetry	 on	 Stroke	 Survivors	 Who	 Are	
Asymmetrical	at	Baseline	
5.3.2.1 Spatiotemporal	Parameters	of	Imposed	Swing	time	and	Step	Length	Symmetry	
The	 spatiotemporal	 parameters	 observed	 after	 imposing	 swing	 time	 and	 step	 length	
symmetry	 ratios	on	 the	 stroke	 survivor	 sub-groups	with	asymmetrical	 gait	 at	baseline	are	
presented	in	Table	5-2.	When	walking	to	the	metronome,	the	swing	time	ratio	of	the	temporal	




when	walking	 to	 foot-fall	 location	 targets.	 Imposing	 step	 length	 symmetry	 on	 the	 spatial	
asymmetry	sub-group	also	caused	the	participants	to	reduce	their	walking	speed	by	14.3%.		
In	the	temporal	and	spatial	asymmetry	sub-groups,	pelvic	obliquity	did	not	change	from	the	
observed	 baseline	 on	 either	 the	 paretic	 or	 non-paretic	 limb,	while	walking	with	 imposed	
symmetry.	However,	the	pelvic	obliquity	detected	was	greater	than	in	the	healthy	controls.	
In	contrast,	knee	flexion	angles	were	altered	from	the	baseline,	during	walking	under	imposed	





































The	baseline	KAM	 impulse	on	 the	paretic	 side	 in	 the	 temporal	asymmetry	 sub-group	was	
comparable	to	that	of	the	healthy	controls,	walking	at	SS	speeds	and	0.8	m/s.	 In	contrast,	
while	the	KAM	impulse	at	baseline	on	the	non-paretic	side	was	comparable	to	that	of	the	


















Peak	KAM	 0.43(0.20)	 0.47(0.20)	 0.20(-0.73-1.13)	 0.34(0.13)	 0.31(0.12)	 0.24(-0.69-1.17)	
KAM	






and	 lower	 95%	CI	 of	 the	 healthy	 controls	 (n=10),	walking	 at	 SS	 speeds	 (red)	 and	 0.8	m/s	 (black).	 The	 table	
presents	 the	 observed	overall	mean	 (SD)	 and	 effect	 size	 (ES)	 of	 KAM	and	KAM	 impulse	 of	 stroke	 survivors’	
(Baseline	and	after	imposing	temporal	symmetry)	paretic	and	non-paretic	sides.	
5.3.2.3 KAM	 after	 Imposing	 Step	 Length	 Symmetry	 on	 the	 Spatially	 Asymmetrical	 Sub-
group		














the	 paretic	 and	 non-paretic	 sides	 by	 24%	 and	 27%,	 respectively,	 compared	 to	 baseline	
conditions.	However,	this	increase	in	KAM	impulse	on	both	sides	maintained	the	KAM	impulse	
asymmetry	 ratio	between	 the	paretic	 and	non-paretic	 sides	at	1.10,	 corresponding	 to	 the	













Peak	KAM	 0.52(0.18)	 0.52(0.18)	 0.00(-1.24-1.24)	 0.31(0.16)	 0.30(0.13)	 0.07(-1.17-1.31)	
KAM	



















































KFM	 0.19(0.08)	 0.15(0.03)	 0.66(-0.61-1.93)	 0.43(0.17)	 0.40(0.22)	 0.15(-1.09-1.39)	
	
Figure	 5-6:	Mean	 knee	 joint	moments	 (peak	 KFM)	 for	 stroke	 survivors	 (red	 diamonds)	 and	 95%	 confidence	
intervals	 by	 whiskers	 at	 baseline	 and	 after	 imposing	 temporal	 (panel	 A)	 and	 spatial	 symmetry	 (panel	 B).	
Individual	means	for	each	stroke	survivor	are	represented	by	individual	circles	for	the	paretic	side	(P)	(purple	
and	green)	 and	non-paretic	 side	 (NP)	 (yellow	and	blue)	 for	A)	 imposed	 temporal	 symmetry	and	B)	 imposed	
spatial	symmetry.	Horizontal	dashed	lines	represent	the	observed	upper	and	lower	95%	confidence	 intervals	
limits	of	healthy	control	participants	(n=18)	walking	at	SS	(red)	and	0.8	m/s	(black)	speeds.	The	tables	present	
the	observed	overall	mean	(SD)	and	effect	size	 (ES)	of	KFM	of	stroke	survivors’	 (Baseline	and	after	 imposing	
temporal	and	spatial	symmetries)	paretic	and	non-paretic	sides.	
	 127	
5.3.3 Imposing	 Swing	 time	 and	 Step	 Length	 Asymmetry	 on	 Stroke	 Survivors	 Who	 are	
Symmetrical	at	Baseline	
5.3.3.1 Spatiotemporal	 Parameters	 of	 the	 Imposition	 of	 Swing	 time	 and	 Step	 Length	
Asymmetry	
The	spatiotemporal	parameters,	after	imposing	a	swing	time	and	step	length	asymmetry	ratio	
on	 sub-groups	 of	 stroke	 survivors	 with	 symmetrical	 gait	 at	 baseline,	 are	 presented	 in	
Table	5-3.		When	walking	in	time	with	the	metronome,	the	swing-time	ratio	imposed	on	the	
temporal	symmetry	sub-group	was	increased	by	18%	(the	paretic	side	being	assigned	as	the	
long-swing	 side).	 Imposing	 swing	 time	 asymmetry	 on	 the	 temporal	 symmetry	 sub-group	
































the	 healthy	 controls’	 95%	 CI,	 while	 walking	 at	 0.8	 m/s.	 The	 imposition	 of	 swing	 time	














































Peak	KAM	 0.48(0.23)	 0.40(0.20)	 0.37(-1.03-1.77)	 0.48(0.23)	 0.40(0.26)	 	0.33(-1.07-1.73)	
KAM	















a	 marginal	 increase	 in	 peak	 KAM	 on	 the	 paretic	 side,	 compared	 to	 the	 stroke	 survivors’	
baseline,	while	peak	KAM	on	the	non-paretic	side	was	slightly	reduced.	However,	the	slightly	
increased	peak	KAM	on	the	paretic	side	and	the	slightly	reduced	peak	KAM	on	the	non-paretic	
side,	 after	 imposing	 step	 length	 asymmetry,	 caused	 an	 overall	 increase	 of	 24%	 in	 the	
asymmetry	of	peak	KAM	between	the	paretic	and	non-paretic	sides,	compared	to	baseline	
conditions.	After	 imposing	step	 length	asymmetry,	despite	 the	 fact	 that	peak	KAM	on	the	
paretic	 side	 remained	 comparable	 to	 that	 of	 the	 healthy	 controls,	 walking	 at	 0.8	 m/s,	 a	
marginal	increase	in	peak	KAM	was	observed;	becoming	comparable	to	that	of	the	healthy	
























Peak	KAM	 0.38(0.14)	 0.42(0.17)	 0.26(-0.98-1.50)	 0.36(0.08)	 0.32(0.09)	 	0.47(-0.79-1.73)	
KAM	




















However,	 reduced	peak	KFM	on	 the	paretic	 side	caused	an	overall	 increase	of	15%	 in	 the	
asymmetry	of	peak	KFM	between	the	paretic	and	non-paretic	sides,	compared	to	the	baseline	
conditions.	After	 imposing	 swing	 time	asymmetry,	 peak	KFM	on	 the	paretic	 side	 failed	 to	












































KFM	 0.50(0.24)	 0.45(0.21)	 0.22(-1.02-1.46)	 0.39(0.13)	 0.39(0.13)	 0.00(-1.24-1.24)	
	
Figure	 5-9:	Mean	 knee	 joint	moments	 (peak	 KFM)	 for	 stroke	 survivors	 (red	 diamonds)	 and	 95%	 confidence	









To	 the	 author’s	 knowledge,	 this	 is	 the	 first	 study	 to	 investigate	 the	 immediate	 effects	 of	
changing	 spatiotemporal	 symmetry/asymmetry	 on	 knee	 joint	 loading	 patterns	 (joint	
moment)	in	stroke	survivors.	The	importance	of	this	study	lies	in	the	various	rehabilitation	
approaches	adopted	(D.	S.	Reisman	et	al.,	2013;	Teixeira-Salmela	et	al.,	2001;	Wright	et	al.,	












The	 results	of	 this	 study	 show	that	 imposing	symmetry	on	 stroke	 survivors	with	 temporal	
asymmetry	 causes	 knee	moments	 on	 the	 paretic	 side	 to	 remain	 higher	 than	 on	 the	 non-
paretic	 side,	 leading	 to	 a	 number	 of	 smaller	 increases,	 which	 exceed	 those	 observed	 in	
healthy	controls.	In	contrast,	no	changes	were	observed	in	knee	joint	moment	across	other	




5.4.1 Effects	 of	 Imposing	 Temporal	 Symmetry	 on	 Knee	 Joint	 Moment	 amongst	 Stroke	
Survivors	
After	imposing	swing	time	symmetry	(accomplished	by	16%	of	the	swing	time	baseline)	on	












Unlike	KAM,	KFM	did	not	change	appreciably	 in	 response	 to	 the	 imposition	of	 swing	 time	
symmetry.	It	is	well	accepted	that	walking	speed	(Ardestani	et	al.,	2016;	van	den	Noort	et	al.,	
2013;	Zeni	and	Higginson,	2009)	and	knee	RoM	during	stance	(Creaby	et	al.,	2013;	Ho	et	al.,	
2012)	determines	 changes	 in	KFM	during	walking.	 Therefore,	 the	 fact	 that	 there	were	no	
changes	 in	 KFM	 in	 the	 current	 study	 is	 likely	 to	 be	 due	 to	 consistency	 in	 these	 variables	
compared	 to	 baseline	 (asymmetrical)	 conditions.	 Although	 peak	 KFM	 was	 asymmetrical	






























conditions.	 In	 the	 stroke	 survivors	 who	 were	 temporally	 symmetrical	 at	 baseline,	 KAM	
impulse	 was	 unchanged	 after	 imposing	 swing	 time	 asymmetry	 and	 remained	 below	 the	
healthy	participants’	lower	95%	CI	limit	on	both	the	paretic	and	non-paretic	sides	at	baseline,	
while	walking	at	 a	 slow	matched	 speed.	This	 is	despite	 the	 stroke	 survivors’	 slow	walking	
speed,	 which	 would	 normally	 be	 expected	 to	 increase	 KAM	 impulse	 and	 KAM	 impulse	
asymmetry	(de	David	et	al.,	2015;	Robbins	and	Maly,	2009)	(compared	to	healthy	participants,	
















achieved	 by	 stepping	 to	 foot-fall	 targets.	 The	 lack	 of	 improvement	 in	 spatial	 symmetry	 is	
consistent	with	previous	evidence,	where	no	change	in	inter-limb	asymmetry	was	reported	




movement.	 The	 pelvic	 obliquity	 (tilt)	 measured	 here	 did	 not	 change	 from	 the	 baseline;	
remaining	higher	on	the	paretic	side	and	lower	on	the	non-paretic	side	(drop).	Consequently,	








After	 imposing	 step	 length	 symmetry	 on	 the	 participants	 with	 spatial	 asymmetry,	 no	
systematic	 changes	 in	 KFM	 were	 observed	 (on	 either	 the	 paretic	 or	 non-paretic	 side),	
compared	to	the	baseline	conditions.	Therefore,	KFM	remained	asymmetrical	between	the	
sides	 under	 baseline	 conditions,	 as	 KFM	 on	 the	 non-paretic	 side	was	 higher	 than	 on	 the	
paretic	side	and	in	the	healthy	controls,	walking	at	a	slow	matched	speed.	However,	these	
results	contradict	those	of	a	study	by	Allen	et	al.	(2011),	who	demonstrated	that	step	length	










non-paretic	 side	 was	 below	 the	 95%	 CI	 of	 speed-matched	 healthy	 controls.	 A	 possible	
explanation	for	the	rise	in	peak	KAM	on	the	paretic	side	may	be	the	increase	in	pelvic	drop	by	
1°	 on	 the	non-paretic	 side,	 compared	 to	baseline	 conditions	and	 the	healthy	 controls.	 	 In	




the	 paretic	 and	 non-paretic	 sides	was	 unchanged	 and	 remained	 below	 the	 95%	CI	 of	 the	





























with	 the	 healthy	 controls.	 Therefore,	 it	 is	 important	 to	 investigate	 the	 effect	 of	 imposing	
spatiotemporal	symmetry/asymmetry	on	knee	joint	load,	using	large	and	equally	distributed	
sample	 sizes.	 This	 will	 contribute	 further	 understanding	 of	 stroke	 survivors’	 knee	 joint	
moments	during	walking.	In	addition,	intensive	walking	practice	in	future	work	would	help	




plans	 in	 response	 to	changes	 in	 symmetry	 (D.	S.	Reisman	et	al.,	2013).	Consequently,	 this	
could	 give	 greater	 insight	 into	 stroke	 survivors’	 knee	 joint	 load	 after	 imposing	 the	 target	
symmetry.	Nevertheless,	although	the	stroke	survivors	in	this	study	walked	at	a	slow	speed,	
the	joint	moment	parameters	were	not	as	responsive	as	in	the	healthy	controls.	Therefore,	





either	 imposing	 symmetry	 or	 asymmetry	 on	 stroke	 survivors.	 Differences	 in	 the	 effect	 of	
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spatiotemporal	 asymmetry	 on	 knee	 joint	 moment	 may	 be	 due	 to	 1)	 post-stroke	
compensatory	gait	patterns,	interacting	with	spatiotemporal	asymmetry	to	determine	knee	
joint	moments,	or	2)	the	relatively	high	resistance	of	spatiotemporal	asymmetry	to	change.	
Additionally,	 the	 influence	of	walking	 speed	on	 knee	 joint	moment	was	 evident	 from	 the	
absence	of	any	difference	in	knee	joint	moment	between	the	stroke	survivors	and	healthy	
controls,	walking	at	comparable	speeds.	Thus,	this	study	does	not	provide	any	support	for	













and	 resulting	 in	 a	 variety	 of	 associated	 problems	 such	 as	 reduced	 motor	 and	 cognitive	




stroke	 is	 a	 complex	 and	 multi-faceted	 process,	 characterised	 by	 wide	 variation	 between	











The	 process	 of	 spontaneous	 recovery	 unfolds	within	 the	 first	 three	months	 of	 onset	 of	 a	
stroke	(Nudo,	2011).	The	mechanism	of	spontaneous	recovery	involves	changes	to	the	cellular	
and	behavioural	aspects	of	the	brain,	thus	leading	to	some	or	(rarely)	full	recovery	(Cramer,	
2008).	 However,	 spontaneous	 recovery	 is	 more	 likely	 to	 occur	 in	 mildly	 stroke-impaired	
individuals,	compared	to	those	with	severe	deficits	(Cramer,	2008).		
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While	 some	spontaneous	 recovery	 can	occur	 following	a	 stroke,	 recovery	 is	 reinforced	by	
rehabilitative	efforts	to	maximise	brain	function	(the	restorative	approach)	and/or	develop	




be	 sustained/increased	over	 time,	a	 recent	 longitudinal	 study	 (n=238)	 revealed	 significant	
post-stroke	deterioration	in	long-term	functioning	and	motor	recovery,	between	six	months	
and	five	years	(Meyer	et	al.,	2015).	The	potential	for	post-stroke	recovery	may	be	influenced	








Spatiotemporal	 asymmetry	 is	 one	 of	 the	most	 frequently	 reported	 impairments	 amongst	
chronic	stroke	survivors	(Patterson	et	al.,	2014;	K.	K.	Patterson	et	al.,	2008).	However,	while	
spatiotemporal	asymmetry	has	been	well	reported,	there	is	little	information	in	the	literature	
about	 long-term	 longitudinal	 changes	 (over	 a	 period	 of	 years).	 Patterson	 et	 al.	 (2014)	
investigated	changes	(through	retrospective	chart	reviews)	in	spatiotemporal	symmetry	and	
walking	speed	amongst	stroke	survivors	(n=71)	over	time	(up	to	>48	months)	and	throughout	
in-patient	 rehabilitation.	 The	 results	 demonstrated	 that	 swing	 time	 and	 step	 length	
asymmetry	did	not	exhibit	any	change	in	the	majority	of	asymmetrical	stroke	survivors	within	





However,	 the	 result	of	 the	above	 study	must	be	 interpreted	with	 caution,	because	an	 in-
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patient	 rehabilitation	 programme	 was	 not	 reported.	 The	 absence	 of	 changes	 in	
spatiotemporal	gait	asymmetry	is	therefore	likely	to	be	due	to	the	lack	of	training	specificity	
(S.	L.	Patterson	et	al.,	2008;	Darcy	S.	Reisman	et	al.,	2013).		
Following	 stroke,	 disturbed	 lower	 limb	 movement	 is	 associated	 with	 various	 gait	
abnormalities,	such	as	kinematic	and	kinetic	abnormalities	(Chen	et	al.,	2005;	Marrocco	et	al.,	
2016;	Rosa	et	al.,	2014).	Accordingly,	deviation	in	kinematic	and	kinetic	profiles	(magnitude	







while	walking.	However,	 longitudinal	 kinematic	 changes	 (over	a	period	of	 years)	 in	 stroke	
survivors’	lower	limbs	during	walking	have	not	been	investigated.				














aspects,	due	 to	persistent	 impairment	 (Patterson	et	al.,	 2014).	Consequently,	 this	may	be	
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connected	 with	 numerous	 undesirable	 issues,	 such	 as	 challenges	 to	 balance	 control,	
increased	 energy	 expenditure,	 increased	 risk	 of	 musculoskeletal	 injury	 to	 the	 lower	
extremities,	and	a	decrease	in	overall	activity	(Hendrickson	et	al.,	2014;	Patterson	and	Sibley,	
2016).	 Therefore,	 it	 is	 important	 to	 identify	 the	 long-term	 biomechanical	 mechanism	 or	
changes	 that	 underlie	 stroke-related	 gait	 patterns,	 in	 order	 to	 enhance	 the	 efficacy	 and	
success	of	rehabilitation	strategies	following	injury.		





OA	 (Andriacchi	 et	 al.,	 2015).	With	 steady	 improvement	 in	 long-term	 survival	 after	 stroke	
(Boysen	 et	 al.,	 2009),	 stroke	 survivors	 subsequently	 face	 a	 greater	 number	 of	 years	 of	
cumulative	exposure	to	biomechanical	(spatiotemporal	symmetry,	kinematics	and	kinetics)	
and	 biological	 (increased	 age	 and	 BMI)	 changes,	 which	 may	mean	 that	 their	 knee	 joints	
become	less	able	to	adapt	to	excessive/repetitive	loading,	thus	leading	to	knee	OA.		Studies	
have	 reported	 increased	 pain	 (Hettiarachchi	 et	 al.,	 2011)	 and	 reduced	 femoral	 cartilage	
thickness	on	the	paretic	side	in	stroke	survivors,	compared	to	healthy	individuals	(Tunc	et	al.,	
2012).	 This	 suggests	 that	 following	 stroke,	 tissues	 may	 not	 adapt	 well	 to	 stroke-related	
changes	in	joint	load.		
Nevertheless,	 the	 cause	 of	 pain	 and	 cartilaginous	 change	 has	 not	 yet	 been	 identified.	
Therefore,	at	least	two	years	is	required	to	observe	the	long-term	effects	of	gait	impairment	
on	 joint	 tissues	 and	 structures	 (Yang	 et	 al.,	 2005).	 	 Accordingly,	 longitudinal	 studies	 are	
required	 to	examine	the	course	of	changes	 in	gait	biomechanics	amongst	stroke	survivors	
over	time.	Given	that	one	study	on	spatiotemporal	asymmetry	in	stroke	survivors	revealed	
no	 changes	 (i.e.	 no	 improvement)	 to	 gait	 asymmetry	 in	 the	 years	 following	 stroke,	 these	
persistent	changes	to	gait	would	appear	to	interact	with	the	biological	processes	of	disease	
development	–	biology	that	takes	years	to	progress.	Therefore,	there	is	a	need	to	examine	
the	 biomechanics	 longitudinally,	 in	 order	 to	 observe	 the	 long-term	 effect	 of	 altered	 gait	
pattern	on	the	knee	joint	in	stroke	survivors.	
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Although	 quantity	 limb-loading	 during	 post-stroke	 gait	 is	 feasible	 (Marrocco	 et	 al.,	 2016),	
there	is	still	a	lack	of	published	follow-up	data	(collected	over	a	period	of	years)	for	most	of	
the	biomechanical	variables	that	specifically	relate	to	knee	joint	moment.	Thus,	the	long-term	
prognosis	 and	 outcomes	 for	 knee	 joint	 moment	 in	 stroke	 survivors	 have	 not	 yet	 been	
revealed.	Therefore,	the	aim	of	this	case	series	study	is	to	characterise	stroke	survivors’	knee	















3.3).	 To	 clarify,	 the	 stroke	 survivors	 were	 fitted	with	 single	 reflective	 passive	 and	 cluster	
markers,	using	the	CAST	marker	model.	They	then	walked	along	a	six-metre	walkway	for	a	







paretic	 and	 non-paretic	 side	 over	 time.	 Swing	 time	 and	 step	 length	 symmetry	 ratios	 are	
























their	muscle	 tone	over	 time,	except	 for	S1,	who	developed	200%	spasticity	 in	 the	planter	
flexors.	 However,	 the	MAS	Quad	 values	 recorded	 indicated	 that	most	 of	 the	 participants	






Meanwhile,	one	stroke	survivor	 (S5),	with	 the	 longest	 time	since	 the	onset	of	 stroke,	was	
experiencing	 knee	 joint	 pain,	 which	 increased	 between	 V1	 and	 V2.	 However,	 all	 the	
participants	presented	with	good	balance	(BBS	>	41)	at	the	initial	visit,	except	for	S4,	who	had	
a	 low	 balance	 score	 of	 38.	 Nevertheless,	 most	 of	 the	 stroke	 survivors	 demonstrated	 an	
increase	 in	 their	 balance	 scores	 over	 time,	 except	 for	 S1	 and	 S8,	 who	 showed	 some	



























initial	measurement	 at	 V1	 revealed	 that	 5	 participants	 (S2,	 S3,	 S5,	 S7,	 S9)	 had	 unlimited	
outdoor	 mobility	 (walking	 speed	 >0.8	 m/s);	 2	 participants	 (S1,	 S6)	 were	 limited	 outdoor	









At	 the	 initial	measurement,	using	 the	 cut-off	 ratio	of	 the	healthy	population’s	 swing	 time	
(1.06)	and	step	length	(1.08)	symmetries	(Patterson	et	al.,	2010),	88.9%	(8	out	of	9)	and	55.5%	
(5	out	of	9)	of	the	stroke	survivors	presented	with	swing	time	and	step	length	asymmetry,	




Over	 time,	 while	 most	 of	 the	 stroke	 survivors	 with	 swing	 time	 asymmetry	 remained	








paretic	and	non-paretic	 sides	between	visits	 (values	 ranging	 from	0.00	 to	0.21).	However,	













At	 the	 initial	measurement,	 peak	 KAM	 on	 the	 paretic	 side	 ranged	 from	 0.12-0.49	Nm/kg	
(mean	 0.29±0.13),	 and	 on	 the	 non-paretic	 side,	 it	 ranged	 from	 0.08-0.42	 Nm/kg	 (mean	
0.26±0.12).		
After	the	(two-year)	follow-up,	peak	KAM	was	increased	in	most	of	the	stroke	survivors	on	

















































































(the	 remaining	 participant	 presenting	 with	 ‘toe-in’).	 	 In	 contrast,	 the	 peak	 angle	 of	 foot	
























here	 demonstrated	high	 inter-subject	 variability	 in	 KFM	over	 the	 years	 following	 a	 stroke	
(some	with	an	increase,	and	others	with	a	decrease	in	moment	on	the	paretic	and	non-paretic	
sides).	This	is	important,	because	with	increasing	age	and	following	a	stroke,	identifying	the	

















non-paretic	 sides	 statistically,	 7	 out	 of	 the	 9	 stroke	 survivors	 in	 the	 above	 study	 also	
demonstrated	higher	peak	KAM	on	the	paretic	side,	thereby	supporting	the	findings	of	this	
current	study.		
In	 addition,	 the	 increase	 in	 cumulative	 load/moment	 on	 the	 paretic	 side	 over	 time	 may	
















development	 of	 degenerative	 joint	 conditions	 also	 depends	 on	 the	 cumulative	 effects	 of	
loading	 (Maly	 et	 al.,	 2013).	 Furthermore,	 it	 is	 possible	 that	 the	 stroke	 survivors	 did	 not	
experience	 knee	 pain,	 because	 compensatory	 gait	 may	 have	 reduced	 their	 knee	 joint	
moments.	However,	previous	studies	have	indicated	that	stroke	survivors	report	more	knee	
pain	 over	 time	 (Hettiarachchi	 et	 al.,	 2011;	 Patterson	 and	 Sibley,	 2016),	 although	
compensatory	 gait	 patterns	were	 not	measured	 in	 such	 studies.	 Therefore,	 in	 the	 stroke	
survivors	who	did	not	develop	any	pain,	this	may	have	been	due	to	functional	compensatory	
gait	patterns;	 compared	 to	 those	with	knee	pain,	who	may	not	have	developed	 such	gait	
patterns.	While	this	suggests	that	compensatory	patterns	can,	in	addition	to	functional	gains,	
afford	some	management	of	knee	loading	in	certain	individuals,	compensatory	patterns	have	
also	 been	 associated	 with	 other	 deleterious	 side	 effects	 (for	 example,	 mechanical	 and	
metabolic	inefficiency)	(Nüesch	et	al.,	2016).	Accordingly,	future	studies	should	examine	joint	



















to	 contribute	 to	 changes	 in	 knee	 joint	 moment	 during	 walking.	 Therefore,	 in	 future	
investigations	of	stroke	survivors,	longer-term	assessments	should	be	considered,	in	order	to	
evaluate	alterations	in	knee	moment	with	any	change	in	gait	pattern.	


















In	 this	current	 study,	mean	walking	speed	 increased	by	7%	compared	 to	V1,	with	walking	
speed	 increasing	 in	 66.7%	 of	 the	 stroke	 survivors	 (above	 the	 reported	 SEM	 value	 of	 the	
measure	reported	in	section	3.8	[less	than	4.7%]).	The	current	finding	for	walking	speed	is	in	
line	with	the	results	of	a	previous	study	by	Patterson	et	al.	(2014),	which	showed	an	increase	
in	walking	 speed	over	 time.	Previous	 studies	have	 reported	 that	walking	 speed	 influences	
knee	joint	mechanics,	such	as	joint	moments	(Telfer	et	al.,	2017).		In	this	current	study,	while	
89%	of	the	stroke	survivors	(8	out	of	9	participants)	showed	an	increase	in	peak	KAM	on	the	
paretic	and	non-paretic	 sides,	5	participants	 (62.5%)	also	displayed	an	 increase	 in	walking	
speed	on	each	side.	This	result	is	consistent	with	those	of	a	previous	study,	which	showed	a	















The	change	 in	walking	speed	on	 the	sagittal	plane	alters	KFM,	because	of	 the	 remarkable	
effect	of	 speed	on	 joint	motion	on	 the	 sagittal	plane	and	 lever	arm	 (van	den	Noort	et	al.	






inconsistency	 in	 the	previous	 literature	may	be	 attributed	 to	 impaired	 knee	 joint	motion,	




At	 a	 two-year	 follow-up,	 the	 mean	 change	 in	 temporal	 and	 spatial	 asymmetry	 was	
comparable	to	V1.	However,	in	an	analysis	of	the	stroke	survivors,	the	data	revealed	that	over	
time,	swing	 time	asymmetry	had	 increased	 in	5	of	 the	participants	 (55.6%;	all	with	 longer	
swing	 time	 on	 the	 paretic	 side),	 while	 step	 length	 asymmetry	 had	 decreased	 in	 4	 of	 the	
participants	(44.4%;	all	with	longer	paretic	side	step	length).	Any	changes	in	spatiotemporal	
asymmetry	were	based	on	the	SEM	value	reported	in	section	3.8.	(less	than	2.4%	for	temporal	
symmetry	 and	 less	 than	 2.9%	 for	 spatial	 symmetry).	 However,	 these	 current	 findings	 for	




asymmetry	 in	 the	previous	study,	and	2)	varying	periods	of	 time	having	elapsed	since	 the	




on	 the	non-paretic	 side	 (Kim	and	Eng,	2003;	K.	K.	Patterson	et	al.,	2008).	Contrary	 to	 this	













exhibited	 changes	 in	 KAM	 (2	 increased	 and	 1	 decreased),	 with	 a	 change	 in	 step	 length	
asymmetry.		However,	while	step	length	asymmetry	was	reported	to	have	a	causal	effect	on	
KFM,	 increasing	 it	 on	 the	 non-paretic	 side	 in	 stroke	 survivors	 (Allen	 et	 al.,	 2011),	 the	







Pelvic	 obliquity	 is	 an	 important	 indicator	 of	 the	 compensatory	 pattern	 that	 is	 commonly	
observed	in	stroke	survivors	during	walking	(Stanhope	et	al.,	2014b).	Evidence	from	previous	
studies	has	pointed	 to	a	 relationship	between	pelvic	movement	pattern	and	 frontal	plane	
moment	(KAM	measures)	(Dunphy	et	al.,	2016;	Takacs	and	Hunt,	2012).	In	this	current	study,	
pelvic	obliquity	on	the	paretic	side	was	found	to	be	reduced	(dropped)	by	88.5%	over	time,	
compared	 to	 V1,	 while	 the	 non-paretic	 side	 was	 comparable	 to	 V1.	 Amongst	 the	 stroke	
survivors	 who	 displayed	 increased	 KAM	 on	 the	 paretic	 side	 (peak	 and	 impulse),	 pelvic	
obliquity	was	found	to	have	decreased	(dropped)	on	the	non-paretic	side	 in	3	participants	
(37.5%);	 meanwhile,	 3	 participants	 (43%)	 exhibited	 increased	 peak	 KAM	 and	 3	 displayed	
increased	KAM	 impulse	over	 time.	 	 Similarly,	amongst	 the	 stroke	 survivors	with	 increased	
KAM	on	 the	non-paretic	 side	 (peak	and	 Impulse),	 pelvic	obliquity	on	 the	paretic	 side	was	
found	to	have	decreased	(dropped)	in	4	participants	(50%),	in	whom	peak	KAM	had	increased,	








2012;	 Gerbrands	 et	 al.,	 2017;	 Takacs	 and	 Hunt,	 2012).	 Therefore,	 trunk	moment	 pattern	
should	be	considered	for	future	study.	
Knee	joint	moment	on	the	sagittal	plane	(KFM)	is	associated	with	altered	knee	joint	flexion	
patterns	 (Creaby	 et	 al.,	 2013;	 Ho	 et	 al.,	 2012).	 Accordingly,	 increased	 knee	 flexion	 RoM	
increases	KFM	and	knee	load	(Ho	et	al.,	2012).	Post-stroke	knee	RoM	is	influenced	by	many	
factors	 such	 as	 compensatory	 strategies,	 spasticity,	 weakness,	 impaired	 sensory-motor	
control	and/or	muscle	weakness	(Jonkers	et	al.,	2009;	Raja	et	al.,	2012;	Lee	et	al.,	2015).	In	
this	 current	 study,	 knee	 RoM	 decreased	 on	 the	 paretic	 and	 non-paretic	 sides	 over	 time,	
compared	to	V1	(significantly	decreased	on	the	non-paretic	side).	Mean	KFM	on	the	paretic	
side	decreased	in	6	and	increased	in	3	of	the	participants.	Out	of	the	reduced	KFM	on	the	
paretic	side	 in	 the	stroke	survivors,	4	participants	 (66.7%)	displayed	decreased	knee	RoM,	
while	out	of	 those	who	exhibited	 increased	KFM,	1	participant	 (33.3%)	 showed	 increased	
KFM.	However,	compared	to	the	paretic	side,	mean	KFM	on	the	non-paretic	side	was	found	






Theoretically,	 knee	 joint	 RoM	 plays	 an	 important	 role	 in	 shock	 absorption	 during	 stance.	
Accordingly,	increased	stiffness	of	knee	joint	RoM	and	reduced	RoM	excursion	have	a	major	
influence	 on	 GRF	 and	 therefore,	 on	 changes	 in	 the	 magnitude	 of	 moments	 (Zeni	 and	




















important	 to	 understand	 the	 nature	 of	 knee	 joint	 moment	 in	 the	 context	 of	 long-term	






control	 group	 is	 a	 group	of	 healthy	 individuals,	who	match	 an	 intervention	 or	 specifically	
sampled	group	(here,	the	stroke	survivors),	in	terms	of	mean	age	and	walking	speed.	Another	
limitation	of	this	study	was	that	physical	activity	was	not	assessed,	which	could	have	provided	
important	 additional	 insights	 into	 the	 occurrence	 of	 repeatedly	 high	 joint	 moments,	
experienced	 by	 stroke	 survivors	 in	 daily	 life.	 In	 this	 current	 study,	 the	 small	 sample	 size	
represents	 a	 further	 limitation,	 as	 it	 did	 not	 enable	 the	 detection	 of	 clinically	 relevant	








Over	 time,	 knee	 joint	 moment	 changes	 in	 stroke	 survivors,	 as	 KAM	 increases	 and	 KFM	




also	 displayed	 reduced	 knee	 joint	 RoM	over	 time.	 In	 its	 pathology,	 stroke	 leads	 to	major	















(Patterson	 et	 al.,	 2014).	 	 However,	 aside	 from	one	 recent	 survey	 study	 that	 highlights	 an	
increase	 in	comorbid	arthritis	 in	a	sample	of	stroke	survivors	(Patterson	and	Sibley,	2016),	
there	has	been	no	research	to	directly	 test	 the	hypothesis	 that	asymmetrical	gait	 leads	to	
increased	joint	wear	and	tear.		
Following	 stroke,	altered	gait	mechanics	 constitute	 just	one	 factor	of	 the	potential	 risk	of	
developing	knee	joint	OA.		Other	risk	factors	of	knee	OA	shared	by	stroke	survivors	include	
age,	high	BMI	and	altered	gait	mechanics	(Marini	et	al.,	2001;	Sheffler	et	al.,	2014).	Persistent	
post-stroke	 alterations	 to	 gait	 pattern	 may	 play	 a	 role	 as	 mechanical	 stimuli,	 provoking	
biological	 processes	 that	 underlie	 the	 development	 of	 OA	 (Andriacchi	 et	 al.,	 2015).	With	
steady	improvement	in	long-term	survival	after	stroke	(Boysen	et	al.,	2009),	stroke	survivors	












two-year	 follow-up).	 	Where	 there	 is	a	high	degree	of	asymmetry	 in	knee	 joint	moments,	









sides	 in	 severe	 and	 less	 severe	 spatiotemporal	 (swing	 time	 and	 step	 length)	
asymmetry	 subgroups.	 Given	 that	 gait	 after	 stroke	 is	 commonly	 characterised	 by	
spatiotemporal	 asymmetry,	 the	 severity	 of	 this	 asymmetry	 may	 indicate	 a	
biomechanical	mechanism	underpinning	altered	knee	joint	load	and	the	development	
of	 comorbid	 OA	 in	 stroke	 survivors,	 as	 reported	 in	 other	 populations	 (those	 with	
pathological	gait).	
3. To	explore	the	difference	in	knee	joint	moments	between	stroke	survivors	and	healthy	









5. To	 explore	 the	 immediate	 effect	 of	 imposing	 symmetrical	 gait	 pattern	 (based	 on	
spatiotemporal	 symmetry)	 on	 knee	 joint	 moments	 in	 stroke	 survivors.	 Restoring	
























the	majority	 (89%)	of	 the	stroke	survivors	who	displayed	an	 increase	 in	peak	KAM	on	 the	
paretic	and	non-paretic	sides	over	a	two-year	period	presented	with	an	increase	in	walking	
speed	(see	Chapter	6).	This	reverse	effect	of	slow	walking	speed	on	peak	KAM	in	the	stroke	
survivors,	 compared	 to	 healthy	 subjects,	 may	 be	 attributed	 to	 other	 compensatory	 gait	
patterns	 after	 stroke,	 which	 influence	 or	modify	 the	 effects	 of	 speed	 on	 joint	moments.	
Similarly,	the	presence	of	compensatory	mechanisms	(for	example,	increased	RoM)	may	also	














According	 to	 the	knee	 joint	moment	 results	obtained	 for	 the	stroke	survivors,	post-stroke	
swing	 time	 asymmetry	 did	 not	 increase	 knee	 joint	 load	 (KAM	 and	 KFM),	 with	 knee	 joint	
moments	 not	 exceeding	 those	 of	 the	 healthy	 controls.	 Despite	 the	 significant	 swing-time	




Moreover,	 the	 absence	 of	 any	 increase	 in	 knee	 joint	 moment	 in	 the	 subgroup	 of	 stroke	
survivors	 with	 severe	 swing	 time	 asymmetry	 (see	 Chapter	 4),	 after	 imposing	 swing	 time	























Similar	 to	 temporal	 asymmetry,	 post-stroke	 step	 length	asymmetry	did	not	 increase	 knee	
joint	load	in	the	stroke	survivors,	compared	to	the	healthy	controls,	even	in	a	subgroup	with	










as	 proposed	 by	 previous	 studies	 (Balasubramanian	 et	 al.,	 2007;	 Kim	 and	 Eng,	 2004),	may	




























Chapter	 5	 reports	 that	 pelvic	 obliquity	 remained	 unchanged	 (resisted	 change)	 after	 the	
imposition	of	spatiotemporal	symmetry	on	stroke	survivors	with	spatiotemporal	asymmetry.	
Accordingly,	 peak	 KAM	 asymmetry	 between	 the	 paretic	 and	 non-paretic	 sides	 was	 still	






and	 level	 of	 functioning).	 Increased	 muscle	 co-contraction	 and	 altered	 knee	 RoM,	 as	
compensatory	strategies,	were	found	to	enable	the	non-paretic	side	to	attain	stability	and	
better	 functioning	 (Heiden	 et	 al.,	 2009).	 However,	 the	 consequence	 of	 increasing	 these	
factors	on	the	non-paretic	side	was	to	increase	joint	moment	on	the	sagittal	plane	(Allen	et	
al.,	 2011),	 potentially	 leading	 to	 an	 increase	 in	 the	 risk	 of	 joint	 injury	 (for	 example,	
patellofemoral	joint	pain/OA).	In	the	cohort	of	stroke	survivors	(see	Chapter	4),	a	significant	
increase	in	KFM	on	the	non-paretic	side	(compared	to	healthy	controls	walking	slowly)	could	
be	 attributed	 to	 the	 increase	 in	 knee	 RoM	 on	 the	 non-paretic	 side	 during	 stance	 (see	
	 171	
Table	4-1)	(Creaby	et	al.,	2013;	Ho	et	al.,	2012).		Moreover,	in	addition	to	increased	knee	RoM,	
evidence	 in	 the	 literature	strongly	suggests	 that	muscle	co-contraction	on	 the	non-paretic	
side	 (as	 a	 common	 impairment/compensation	 in	 stroke	 survivors),	 was	 another	 possible	








over	 time	 reduced	 KFM	 on	 the	 non-paretic	 side,	 compared	 to	 the	 initial	 measurement	
(decreasing	to	the	healthy	control’s	normal	limit,	as	indicated	in	Chapter	4).	Surprisingly,	most	




and	Higginson,	2009).	Post-stroke	 impairments	 such	as	 increased	muscle	 tone,	muscle	co-
activation,	and	muscle	weakness	have	been	found	to	increase	joint	stiffness	(Heiden	et	al.,	






















side	 while	 walking)	 may	 have	 had	 an	 impact	 on	 the	 internal	 structures	 of	 the	 knee	 and	
consequently,	 knee	 joint	 OA/pain.	 Accordingly,	 using	 an	 inverse	 dynamic	 approach	 to	
estimate	intersegmental	force	will	not	give	a	comprehensive	insight	 into	the	force	of	knee	
joint	 contact.	 Since	measuring	 contact	 force	 in	 vivo	 is	 extremely	 difficult,	musculoskeletal	






have	occurred	 in	 the	 stroke	 survivors	 sampled	 in	 this	present	 study,	due	 to	 the	biological	
changes	that	generally	accompany	aging.	These	changes	consist	of	articular	cartilage	tissues	









With	 age,	 a	 potential	 interaction	 between	 increased	 load	 and	 a	 hypothetical	 decrease	 in	
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cartilage	thickness	is	suggested	as	part	of	the	pathogenesis	of	early-onset	knee	OA	in	long-






their	 high	 BMI	 (mean	 BMI	 26±3.8	 Kg/m2)	 was	 inconsistent	 with	 the	 findings	 of	 previous	
studies,	 which	 indicate	 that	 most	 of	 stroke	 survivors	 are	 likely	 to	 be	 overweight/obese	
(Towfighi	and	Ovbiagele,	2009).	Given	that	an	increase	in	BMI	can	serve	as	a	potential	barrier	
to	 long-term,	 post-stroke	 motor	 and	 functional	 recovery	 (Sheffler	 et	 al.,	 2012),	 previous	







As	 reported	 earlier,	 stroke	 survivors’	 KFM	 was	 found	 to	 be	 higher	 than	 that	 of	 healthy	
controls,	walking	 at	 comparable	 speeds	 and	 in	 two	different	 situations:	 first,	 on	 the	non-
paretic	side	in	the	stroke	survivor	cohort,	and	second,	on	the	paretic	and	non-paretic	sides	in	


























knee	 joint	 load	 in	 stroke	 survivors	 over	 time.	 Furthermore,	 the	 relationship	 between	 the	
development	of	post-stroke	gait	impairments	(for	example,	spasticity,	muscle	weakness,	and	
poor	 balance)	 and	 increased/decreased	 knee	 joint	 load,	 need	 to	 be	 explored.	 The	 link	
between	 stroke	 survivors’	 compensatory	 mechanisms	 and	 biomechanical	 changes	 during	
walking	(for	example,	pelvic	obliquity,	trunk	lean,	knee	joint	RoM	and	foot	propulsion)	and	







the	 longer	 the	 exposure	 to	 the	 load,	 the	 greater	 the	 deformation	 of	 the	 cartilage)	 (S.	M.	
Robbins	 et	 al.,	 2009).	 Therefore,	 measuring	 cumulative	 load	 as	 future	 work	 on	 stroke	
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important	 for	estimating	knee	 joint	 load.	However,	 these	approaches	underestimate	knee	
joint	contact	force,	as	it	does	not	account	for	the	compressive	force	exerted	by	muscles	during	
walking.	 Since	 measuring	 contact	 force	 in	 vivo	 is	 extremely	 difficult,	 musculoskeletal	
modelling	is	considered	as	an	alternative	means	of	estimating	contact	force	in	the	knee	joint,	
due	 to	 the	 contribution	 of	 individual	 muscles	 during	 walking	 (Ogaya	 et	 al.,	 2014).	While	
muscle	 co-contraction	 is	 common	 after	 stroke,	 conducting	 such	 work	 as	 future	 research	
would	help	with	a	further	analysis	of	the	magnitude	of	contact	force	on	stroke	survivors’	knee	
joints.	
In	 addition,	 investigating	 the	 effect	 of	 imposing	 spatiotemporal	 asymmetry/symmetry	 on	
knee	joint	load	is	required,	using	a	large	sample	size	to	enable	a	deeper	understanding	to	be	









essential	 for	 clinicians	 to	be	aware	of	 the	 importance	of	 knee	 joint	 load	 (as	 a	mechanical	
stimulus)	 and	 its	 consequences,	 with	 regard	 to	 stroke	 survivors’	 risk	 of	 developing	
musculoskeletal	injuries.	The	presence	of	knee	OA	in	stroke	survivors	limits	the	potential	for	














understanding	of	 the	knee	 joint	contact	 force	that	results	 from	muscular	co-contraction	 is	
necessary	 for	estimating	 the	potential	direct	 contact	 force	on	knee	 joints	and	 true	 risk	of	
heightened	knee	joint	load	(in	the	context	of	biological	susceptibility).	




movement	 pattern	 (tilt	 and/or	 drop)	 can	 give	 a	 clear	 impression	 of	 the	 effect	 of	 pelvic	




when	 dealing	 with	 asymmetrical	 stroke	 survivors	 (for	 example,	 studies	 have	 shown	 that	
walking	to	external	auditory	cues	may	be	helpful	in	improving	gait	coordination	and	temporal	
asymmetry	(Hollands	et	al.,	2016)).	However,	despite	the	results	of	this	current	study	(see	




limitations	 in	 future	 studies	 would	 help	 draw	 conclusions	 over	 the	 relationship	 between	
imposing	gait	symmetry	and	altered	knee	joint	load.	
Post-stroke	 compensatory	 patterns	 on	 the	 non-paretic	 side	 (for	 example,	 muscle	 co-
contraction	and	increased	knee	RoM)	appear	to	serve	the	purpose	of	gaining	a	steady-state	
walking	pattern,	as	a	result	of	a	weak	and	uncoordinated	paretic	side	(B.	Raja	et	al.,	2012).	










of	 stroke	 survivors	 or	 healthy	 controls.	 This	 means	 that	 there	 may	 have	 been	 structural	
changes	in	the	participants’	knee	joints.	As	such,	the	estimated	knee	joint	load	and	potential	


















Furthermore,	 it	 is	 surprising	 that	 the	stroke	survivors	with	 less	spatiotemporal	asymmetry	






effect	 of	 helping	 to	 keep	 knee	 moment	 low	 on	 the	 frontal	 plane.	 Ultimately,	 this	 work	
highlights	the	need	to	consider	the	response	of	joint	moments	to	rehabilitation	and	change	
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We	 will	 perform	 clinical	 physiotherapy	 assessments	 of	 your	 balance	 and	 general	 walking	 ability,	 including	
standing	on	a	forceplate	measuring	the	sway	of	your	body	in	response	to	different	visual	scenes	on	a	screen	in	
front	of	you.	These	measures,	that	will	take	no	more	than	30mins,	can	be	performed	at	the	community	group	
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Improving	 asymmetry	 of	 walking	 (e.g.	 making	 step	 lengths	 equal	 on	 each	 leg)	 in	 stroke	 survivors	 is	 very	


















at	 your	 convenience.	 If	 you	 are	 a	 stroke	 survivor	 who	 needs	 help	 arranging	 transportation	 like	 taxi,	 the	












































































































Appendix	 B.4:	 Healthy	 participants	 from	 the	 spatial	 symmetrical	 sub-group	 who	 were	
considered	separately	
	
	
Table	B.4-1:	Supplementary	data	for	the	three	healthy	participants	who	were	considered	separately	because	of	
non-exceeding	the	target	step	length	asymmetry	ratio	of	1.08	(the	upper	step	length	symmetry	ratio	limit	of	
healthy).			
	
	
	
	
	
